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CONSPECTUS: The field of polymeric biomaterials has received much attention in
recent years due to its potential for enhancing the biocompatibility of systems and
devices applied to drug delivery and tissue engineering. Such applications continually
push the definition of biocompatibility from relatively straightforward issues such as
cytotoxicity to significantly more complex processes such as reducing foreign body
responses or even promoting/recapitulating natural body functions. Hydrogels and their
colloidal analogues, microgels, have been and continue to be heavily investigated as
viable materials for biological applications because they offer numerous, facile avenues
in tailoring chemical and physical properties to approach biologically harmonious
integration. Mechanical properties in particular are recently coming into focus as an
important manner in which biological responses can be altered.
In this Account, we trace how mechanical properties of microgels have moved into the
spotlight of research efforts with the realization of their potential impact in biologically
integrative systems. We discuss early experiments in our lab and in others focused on synthetic modulation of particle structure at
a rudimentary level for fundamental drug delivery studies. These experiments elucidated that microgel mechanics are a
consequence of polymer network distribution, which can be controlled by chemical composition or particle architecture. The
degree of deformability designed into the microgel allows for a defined response to an imposed external force. We have studied
deformation in packed colloidal phases and in translocation events through confined pores; in all circumstances, microgels exhibit
impressive deformability in response to their environmental constraints.
Microgels further translate their mechanical properties when assembled in films to the properties of the bulk material. In
particular, microgel films have been a large focus in our lab as building blocks for self-healing materials. We have shown that their
ability to heal after damage arises from polymer mobility during hydration. Furthermore, we have shown film mobility dictates
cell adhesion and spreading in a manner that is fundamentally different from previous work on mechanotransduction. In total, we
hope that this Account presents a broad introduction to microgel research that intersects polymer chemistry, physics, and
regenerative medicine. We expect that research intersection will continue to expand as we fill the knowledge gaps associated with
soft materials in biological milieu.

1. INTRODUCTION

The field of biomaterials has grown concurrently with advances
in polymer chemistry, applying new technology to biological
applications such as drug delivery, wound healing, and tissue
scaffolds.1 Biocompatibility is an obvious yet challenging hurdle
for any biomaterial, where the material must not only be
nontoxic and avoid foreign body reactions but, depending on
the specific application, might also need to be nonfouling and
promote cell infiltration, proliferation, and/or differentiation.2,3

An ideal biomaterial might be expected to promote regenerative
biological pathways for reconstructive healing and degrade over
a time scale coinciding with tissue regeneration.3 Honing
biologically integrative properties such as amphiphilicity,
functional group identity/density, charge density, size, shape,
and biodegradability offers routes to enhance the biocompat-
ibility of polymeric materials.4−8 However, only recently have
researchers tailored mechanical properties to mimic the target
system’s mechanics as a method to enhance a material’s
integration into a mammalian host.9 By mimicking elasticity
ranges of biological tissues (∼0.5 kPa for soft tissue (e.g.,
brain), ∼10 kPa for moderate tissue (e.g., muscle), and >30 kPa

for hard tissue (e.g., bone)) in a biomaterial, one can influence
cellular response to that material, which can then prolong
circulation times for drug delivery vehicles or facilitate cell
proliferation on tissue scaffolds.9,10 Importantly, substrate
stiffness has been shown to influence cellular adhesion,
cytoskeletal formation, and the differentiation of stem cells.11,10

Historically, hydrogels have represented an intriguing class of
materials for biological interfacing. Hydrogels are hydrated
polymer networks, with mechanical properties somewhat
matched to natural tissues, which can enhance biological
interactions and improve integration.12−14 For example, Merkel
et al. used their PRINT technique to fabricate red blood cell
mimics composed of poly(2-hydroxyethyl acrylate-co-poly-
(ethylene glycol) diacrylate) hydrogels (∼6 μm in ellipsoid
size).15 The investigators monitored in vivo circulation times of
the particles in mice as a function of elasticity. Cross-linker
concentration was used to modulate particle bulk modulus to
achieve values ranging from 63.9 ± 15.7 to 7.8 ± 1.0 kPa. It was
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clearly shown that particle circulation times increased with
decreasing modulus, enabling passage through (and therefore
limiting deposition in) the lungs and kidneys for particles with
the lowest modulus.
While macroscopic hydrogels are appropriate for some

biological applications, there are numerous applications where-
in nano- to micrometer length scales are important.16,17

Microgels are similar to hydrogels in that they comprise a
solvent swollen polymer network. However, microgels are
colloidal particles with dimensions ranging from tens of
nanometers to many micrometers, enabling their interfacing
with cellular and subcellular domains.4 Characteristics such as
porosity, charge, segment density, amphiphilicity, size, degrad-
ability, and softness can be tuned by selecting specific synthetic
conditions, monomers, and monomer ratios. For 2D and 3D
assemblies of microgels, the softness of the matrix can further
be adjusted through covalent or noncovalent intermicrogel
cross-linking.16 For example, Jia et al. used a hyaluronic acid for
in situ construction of a microgel network to repair damaged
canine vocal folds.16 The investigators compared the
viscoelastic range of microgel networks with and without
covalent intermicrogel cross-linking to the viscoelasticity of
undamaged canine vocal chords. Full recovery of the entire
viscoelastic range (and presumably the ultimate function) was
only achieved in the network containing a significant level of
intermicrogel cross-linking.
Not only do external cross-links provide an additional handle

to modify biomaterial mechanics, they allow for microgel
solutions to be physically gelled in situ after injection to the
target site. Such an option is attractive from a logistical
perspective because it is less invasive than the surgical
implantation typically required for macroscopic hydrogel
scaffolds.16,18 Saunders et al. utilized the in situ gelling
methodology to introduce load bearing scaffolds into damaged
intervertebral discs (IVDs) as an alternative to traditional, high-
risk spinal implantation surgery for IVD repair.18,19 A solution
of poly(methyl methacrylate-co-methacrylic acid-co-ethylene
glycol dimethacrylate) microgels functionalized with glycidyl
methacrylate was injected into the tissue free space of damaged
bovine IVDs. A pH-triggered fluid-to-gel transition was utilized
to gel the microgel solution in vitro while covalent
intermicrogel cross-links were formed via free radical chemistry.
The investigators showed that the microgel network restored

mechanical properties of IVDs to ranges observed in
undamaged IVDs and showed little cytotoxicity toward
human nucleus pulposus cells, making the doubly cross-linked
microgel approach viable for IVD repair.
The rising importance of mechanics in practical biomaterials

has spurred a heavy investigation of microgel mechanics,
revealing highly tunable mechanical properties at all scales. In
this Account, we focus on the emerging importance of microgel
mechanical properties in our work. More specifically, we discuss
how microgel mechanics have inadvertently emerged as critical
parameters through fundamental investigations of microgels as
colloidal building blocks and delivery vehicles. Upon realization
of the dynamic mechanical possibilities microgels possess, we
have investigated the purposeful tuning of macroscopic
microgel assemblies to achieve specific biological outcomes.

2. DESIGNING MICROGELS

Fundamental studies of microgels originally focused on
understanding the relationship between chemical composition
and stimuli (e.g., temperature, pH, ionic strength, and light)20

triggered swelling and deswelling responses of poly(N-
isopropylacrylamide) (pNIPAm) or poly(N-isopropylmetha-
crylamide) (pNIPMAm) microgels. While the focus of these
experiments was to interrogate microgel behavior, a significant
amount of information can be gathered regarding microgel
mechanical properties from these early experiments. In
particular, we can deduce how chemical composition dictates
polymer density and thus controls mechanical behavior at the
most rudimentary level.

2.1. Synthetic Control of Polymer Network Density

Adjusting cross-linker concentration is perhaps the most
straightforward way to modulate microgel stiffness. Increasing
cross-linker content increases polymer (segment) density and
subsequently decreases network flexibility. Chain confinement
results in an increase in particle density, smaller particle size,
and decreased swelling. In addition, reactivity ratios between
the monomers and cross-linkers present another path to
modulate polymer density. Saunders validated a “core/shell”
polymer density structure in pNIPAm microgels cross-linked
with either 1% or 10% mol N,N′-methylenebis(acrylamide)
(BIS) using small angle neutron scattering.21 The cross-linker
BIS has a higher reactivity than the monomer NIPAm, resulting

Figure 1. (Top) Erosion of pNIPMAm-DHEA microgels and (bottom) erosion of pNIPAm-DHEA microgels. Adapted with permission from ref 22.
Copyright 2011 American Chemical Society.
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in a highly cross-linked core. Because less cross-linker is
available toward the end of the reaction, the microgel periphery
consists of a low segment density shell with highly flexible
polymer chains.
We have also explored how polymer distribution in microgels

impacts downstream properties, such as erosion in studies
related to the clearance of drug delivery vehicles. Microgels
consisting of either pNIPAm or pNIPMAm were synthesized
with 10 mol % of degradable cross-l inker (1,2-
dihydroxyethylene)bis(acrylamide) (DHEA).22 Microgel deg-
radation was initiated with periodate and monitored via
multiangle light scattering (MALS). Degradation of pNIPAm-
based microgels produced a nonlinear mass decay beginning at
the periphery, with erosion terminating with a remnant particle
of branched, presumably core-localized polymer chains
(diagram in Figure 1). A chain transfer mechanism is suggested
to cause such branching through hydrogen abstraction via
either the α-carbon on the amide functionality in the polymer
backbone or the tertiary carbon of the isopropyl group,
resulting in nondegradable cross-links in the microgels.23

In contrast, degradation of pNIPMAm showed a slight
increase in size at the onset followed by complete decay of the
polymer. Such behavior is indicative of a homogeneous
polymer network, where initial cross-link scission affords
concomitant network swelling; sizable mass loss occurs only
when the network connectivity is decreased enough to liberate
soluble chains. The difference in network density between
pNIPAm and pNIPMAm is explained by their reactivity ratios
with cross-linker. The monomer NIPMAm and cross-linker
have similar reactivity ratios resulting in a homogeneous
network with higher overall network density. Microgels made
from pNIPMAm as a result are noticeably stiffer than pNIPAm
microgels, which have a soft periphery of loosely cross-linked
chains. Thus, we see that even the selection of the main
monomer itself contributes to the large changes in the
mechanical properties of individual microgels, their network
topology, and pathway of erosion.
In a subsequent investigation, we monitored microgel

degradation with atomic force microscopy (AFM) in serum
at 37 °C, mimicking a biologically relevant environment. AFM
was used to resolve initial particle swelling and mass loss

events.24 PNIPMAm microgels with 2% mol acrylic acid (AAc)
were cross-linked with 2% mol N,O-dimethacryloyl hydroxyl-
amine (DMHA), which is susceptible to base hydrolysis at pH
> 5. Microgels were eroded under swollen and collapsed
conditions to compare effects of swelling (Figure 2). Under
deswollen conditions, a decrease in height by 14% was seen,
while microgels imaged under hydrated conditions showed an
initial increase in height during erosion. These results
corroborate that initial height increase of pNIPMAm is due
to swelling caused by initial cross-link scission, even though
mass is simultaneously being lost (as shown via imaging under
deswollen conditions).
Another important parameter to consider in drug delivery is

the ability to load solute within the carrier. For microgels, it is
easy to see the correlation between mesh size and loading
ability. Protein loading and how it correlates with microgel
charge was recently evaluated in our lab using cytochrome c
(cyt c), a positively charged protein.25 Microgels were
composed of pNIPAm, BIS (2% mol), and AAc in varied
amounts (10%, 20%, and 30% mol) to impart anionic charges
in the microgel, facilitating cyt c uptake through Coulombic
interactions. MALS revealed the 30% mol AAc microgel loaded
significantly more protein per available AAc site than either the
20% or 10% mol acid particles, −0.13 compared to 0.05 and
0.01, respectively.
The drastic increase in loading ability of the 30% mol AAc

microgels is attributed to a more porous internal polymer
network. The greater amount of internal charge present in the
30% mol AAc microgel leads to a higher internal osmotic
pressure. Subsequently, a lower segment density is established
during synthesis, allowing more cyt c to penetrate further into
the microgel. No statistically meaningful difference in binding
constants was observed, suggesting that multivalent interactions
between AAc and cyt c were not a major factor in increased
loading. Charged comonomer concentration consequently
functions as an important factor for tailoring porosity and
subsequent macromolecule loading.

2.2. Control of Mechanics through Exotic Architectures

Early on in our microgel work, we developed methods for the
synthesis of well-defined core/shell microgels, which were
envisioned to have potential as drug carriers.26 These microgels

Figure 2. Three-dimensional renderings of AFM images obtained from a single microgel during erosion under deswollen (a−c) or swollen (d−f)
conditions at 0 h (a, d), 24 h (b, e), and 434 h (c, f). Reprinted with permission from ref 24. Copyright 2010 American Chemical Society.
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have different chemical compositions in the core and shell,
allowing for multiple characteristics to be employed such as two
Volume Phase Transition Temperature’s (VPTT) (e.g., ∼31 °C
for pNIPAm and ∼45 °C for pNIPMAm) or specific
localization of charge and functional groups.26,27 Core/shell
microgels are also of fundamental interest because they exhibit
a phenomenon known as core compression, where the shell
physically compresses the core.28

Core compression occurs because the shell synthesis occurs
above the core VPTT. When the solution is cooled to room
temperature, the core cannot fully swell due to the presence of
the surrounding shell, which essentially acts to “shrink wrap”
the core. Furthermore, in constructs where the core monomer
has a lower VPTT than the shell monomer, core deswelling
cannot fully occur at its native VPTT because shell polymer
chains prohibit neighboring core chains from collapsing. Berndt
et al. used differential scanning calorimetry (DSC) to study
how shell thickness affects core compression and particle
collapse thermodynamics.29 Four pNIPAm core/pNIPMAm
shell microgels were studied with varying core/shell mass ratios
of 1:0.23, 1:0.69, 1:1.42, and 1:2.50. The DSC of the microgels
containing the thickest shell showed three peaks during the
phase transition in contrast to the two peaks (corresponding to
two clear volume phase transition events) observed for all other
shell thicknesses studied (Figure 3). In the thickest shell case,

the elastic restoring force of the shell was able to overcome the
thermodynamic driving force associated with the phase
transition, stretching core chains and creating different
hydrogen bonds with the shell polymer chains. The third
DSC peak occurred when those new hydrogen bonds were
broken and full core collapse was achieved. The balance
between the elastic restoring force of the shell and
thermodynamic deswelling force of the core is an excellent
example of how the mechanical properties of core/shell
microgel architectures can be manipulated through spatial
synthetic control.
We further investigated core/shell structures by means of

controlled shell degradation.30 Microgels consisting of a
nondegradable pNIPAm-BIS (2% mol) core and a pNIPMAm

shell of varying DMHA cross-linker concentration (2% and 4%
mol) were studied. The core/shell particles had roughly the
same diameter as the cores alone (measured by MALS), which
is an expected result of core compression.28 Particle
deformability was studied with AFM through footprint and
height measurements after deposition onto glass. As shown in
Figure 4, the cores exhibited a deposited height of 7 ± 1 nm,
while core/shell microgels exhibited heights of 32 ± 5 and 30 ±
3 nm for 2% and 4% mol cross-linker concentrations,
respectively. The greater particle stiffness seen in the core/
shell microgels is attributed to the added connectivity and
rigidity imparted by the pNIPMAm shell, as well as the added
polymer mass.
Particle diameter after shell degradation was characterized

using asymmetrical flow field-flow fractionation coupled to
MALS, which resolved an increase in radius of ∼3 and ∼4 nm
for both 2% and 4% mol DMHA shells, respectively. Microgel
size increases are likely due to core compression alleviation:
removal of shell cross-linker and shell density allows the core to
approach its full swelling capacity. Spreading of the 2% mol
DMHA particle increased by 94 ± 28 nm and height decreased
by 20 nm, while the 4% mol DMHA particle’s spreading
increased by 13 ± 27 nm and height decreased by 8 nm (Figure
5). The observation that 4% mol DMHA microgel changes
were smaller than those observed in the 2% mol DMHA case is
likely associated with incomplete erosion of the shell in the 4%
case. Nonetheless, it is clear deformability and porosity
increased as a result of shell degradation for both core/shell
constructs, further illustrating how spatial control in core/shell
microgels is an effective approach to both chemical and
mechanical tuning.

3. MECHANICAL RESPONSE TO ENVIRONMENT
The environment surrounding microgels can have a great
influence on their properties through a variety of mechanisms
including particle−particle interactions, particle−solvent inter-
actions, external osmotic pressure, temperature, pH, volume
fraction, and physical confinement. The deformability of
microgels, in contrast to the relative shape invariance of hard
spheres, can be seen in classical colloid physics studies
investigating phase transitions in monodispersed colloidal
dispersions.31 Previously, we formed colloidal crystal lattices
from pNIPAm and BIS (3% mol) microgels (hydrodynamic
radius, RH ∼ 375 ± 20 nm) doped with 0.1 wt % of large
“defect microgels” composed of pNIPAm, AAc (10% mol), and
BIS (1% mol) (RH ∼ 873 ± 66 nm). The large microgel
“defects” were seamlessly integrated into the bulk lattice
without observable structural or dynamic (diffusional)
perturbations. The ability for the dopant microgel to fit into
the lattice of a 5.5 wt % (ϕeff ≈ 0.66) sample is impressive,
occupying a volume that was roughly 15 times smaller than that
of the “defect” dilute solution hydrodynamic diameter. This
remarkable ability of microgels to conform to colloidal crystal
lattice structures exemplifies the deformability of these
materials in response to mechanical and/or osmotic restraints.
When using microgels for biological applications, the

influence of mechanics on various cellular and physiological
processes must be considered. In discriminatory biological
environments in particular, microgel mechanics can be highly
influential. Banquy et al. previously investigated the influence of
the elasticity of hydrogel nanoparticles on cellular uptake and
intracellular fate in murine macrophages.32 Nanoparticle
elasticity was controlled by varying cross-linker concentration

Figure 3. Normalized DSC thermograms of pNIPAm core/
pNIPMAm shell microgels with core/shell mass ratios of 1:0.23,
1:0.69, 1:1.42, and 1:2.50 recorded at heating rate of 2 K min−1.
Reprinted with permission from ref 29. Copyright 2012 John Wiley
and Sons.
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during emulsion polymerization. Using AFM, the Young’s
modulus for all nanoparticles was determined; values ranged
from 18 ± 4 kPa (1.7% mol cross-linker) to 39 ± 43 kPa (15%
mol cross-linker). Investigation of the uptake mechanisms was
performed by treating cells with endocytic and metabolic
inhibitors prior to incubation with the nanoparticles. The
investigators determined that softer nanoparticles, with the
lowest Young’s modulus (18 ± 4 kPa), were internalized almost
exclusively by macropinocytosis. In contrast, more elastic
nanoparticles, with slightly higher Young’s moduli (35 ± 10

and 136 ± 39 kPa), were internalized via clathrin- and/or
caveolae-mediated entry routes. Finally, the stiffest nano-
particles, with the highest Young’s modulus (211 ± 43), were
internalized mainly by a clathrin-mediated endocytosis. Here
we clearly see that when it comes to cellular uptake, the
relevant mechanism is highly dependent on nanoparticle
softness.
Renal filtration is another biological process that is

constrained by a material’s mechanical properties, requiring
passage of nanoparticles through roughly 8 nm diameter pores

Figure 4. AFM (height) images and height line traces of (a) core particles, (b) 2% mol DMHA core/shell particles, and (c) 4% mol DMHA core/
shell particles. Adapted with permission from ref 30. Copyright 2013 Springer.

Figure 5. AFM (height) images and height line traces of 2% mol DMHA (a) and 4% mol DMHA (b) following 1 month of erosion in pH 7.4 buffer
at 37 °C. Adapted with permission from ref 30. Copyright 2013 Springer.
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under a pressure differential of 40−80 Torr.33,34 For many rigid
nanoparticles, this clearance mechanism provides strict size
limitations. In contrast, deformable nanoparticles could
potentially overcome these size restrictions, which might result
in delivery vehicles that can be eliminated via normal excretion
pathways, thereby limiting the amount of nanocarrier hepatic
and renal deposition and retention. To investigate this, we have
studied microgel deformation by translocation through
cylindrical pores under biologically relevant pressure differ-
entials in order to mimic renal filtration.35

Track-etch membranes were used to model endothelial pores
present in the renal system (Scheme 1). The microgels were

composed of pNIPAm, AAc (10% mol), 4-acrylamidofluor-
escein (0.02% mol), and either 1% mol BIS (RH ∼ 570 nm at
pH 7.4) or 3% mol BIS (RH ∼ 433 at pH 7.4). Investigation of
translocation of microgels and rigid polystyrene (PS) spheres of
similar size indicated that, at pH 7.4, PS spheres exhibited
jamming in the pores. In contrast, the deformable microgels did
not jam appreciably, and they passed through pores under
modest applied pressure. Furthermore, increasing the microgel
cross-linker content to 3% mol BIS did not inhibit trans-
location, even when the pore openings were more than 10-fold
smaller than the microgel diameter.
This concept was further investigated using resistive pulse

sensing with 25−50 μm thick glass nanopore membranes
(GNMs) prepared to contain a single conical pore with orifice
radii ranging from 200 to 700 nm.36 Pressure-driven microgel
translocation was monitored, measuring the change in ion
current as microgels (dispersed in an electrolyte solution)
passed through the pore. Microgels (RH ∼ 570 nm) were
composed of pNIPAm, AAc (10% mol), and BIS (1% mol).
When microgels had a diameter smaller than the pore size, a

single current peak was observed where the current increased
due to the highly charged anionic microgel displacing pore

electrolyte during passage. In contrast, when the microgels had
a diameter larger than the pore, a more complex peak pattern
consisting of multiple current transients was observed. These
larger microgels must deform in order to translocate, resulting
in an expulsion of electrolyte solution and a subsequent
decrease in current from the peak maximum associated with the
initial electrolyte displacement. After the microgel passes
through the narrowest portion of the pore, the electrolyte
solution is reabsorbed, the microgel passes out of the sensing
zone, and the current returns to baseline. At higher applied
pressures, the single current peak returns, as the two transients
seem to collapse into one, suggesting that the microgel deforms
and passes through the pore with minimal volume change,
indicating the translocation rate is faster than the effective
deswelling rate (Figure 6). In these studies, we observed a

minimum nanopore-to-microgel radius ratio of ∼0.4 for
translocation, which suggests a theoretical limit imposed by
the compressibility of the microgel and Coulombic repulsion
between the microgels and the pore walls. This theoretical limit
is largely determined by the properties of the microgel, such as
internal density of charged groups, chain flexibility, and
strength of the solvent−polymer interactions. These properties
can be tuned to adjust microgel mechanics in order to control
response to the surrounding (mechanical) environment.

4. MECHANICAL PROPERTIES OF MICROGEL
ASSEMBLIES

Moving beyond individual particles, we have interrogated the
mechanical properties of self-healing polyelectrolyte multilayer
microgel films on multiple scales using a variety of techniques.
Recently, our lab investigated microgel film self-healing to gain
more insight into the mechanism of film damage and to
understand what drives restoration of film integrity.37 Films

Scheme 1. Filtration Method for Evaluating Microgel Pore
Translocation

Figure 6. Expanded i−t traces of individual microgel (RH ∼ 570 nm)
translocations through a GNM. Traces represent translocation events
through a 302 nm radius pore at applied pressures of (a) −70, (b)
−80, (c) −100, (d) −120, and (e) −150 mmHg. Reproduced from ref
36 with permission from The Royal Society of Chemistry.
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were assembled using a layer-by-layer (LbL) approach from
microgels containing pNIPAm, AAc (10% mol), and BIS (2%
mol) and the linear polycation, poly(diallyldimethylammonium
chloride) (pDADMAC) on elastomeric poly(dimethylsiloxane)
(PDMS) substrates. Dried films were subjected to linear strains
between 0% and 30%. We observed that an undamaged film
stretched to a strain of 30% then relaxed forms a parallel
wrinkled pattern on its surface. However, if the film is then
hydrated, the wrinkles disappear and the original film integrity
is restored, demonstrating that these films can self-heal.
For an undamaged film that is initially stretched to a strain of

30% and is then relaxed (Figure 7a−c), the resulting wrinkles
lie orthogonal to the stretching axis, which suggests a buckling
behavior following plastic deformation of the microgel film. If
the same film is restretched to 30% strain in the same direction
(Figure 7d), the wrinkles appear to reorient themselves
orthogonal to the original pattern (parallel to the direction of
strain). This directional change results from elongation and
compression forces experienced by the film during stretching
on the elastomeric PDMS substrate. During the initial
stretching period, the PDMS substrate elongates along the
stretching axis and compresses along the perpendicular axis. If
we assume the entire film must also undergo some degree of
deformation during the initial stretching event, the in-plane film
axis perpendicular to the initial stretching axis is under
compression during a second stretching event. This compres-
sion creates a new wrinkling pattern perpendicular to the
stretching axis. Upon relaxation of the stress, the effective
surface area of the substrate is reduced, inducing wrinkling of
the film that occurs because of the elasticity mismatch between
the film and the underlying PDMS substrate.
Because individual microgels are connected via noncovalent

(Coulombic) interactions between pDADMAC and AAc sites,
these weak bonds can be sacrificed in favor of an altered ion
pairing structure. This allows for an increase in film dimension
along the stretching axis to dissipate the stress and prevent
failure. Because there is a mismatch in elasticity between the
multilayer and the PDMS substrate, the disrupted interactions
cannot recover at the same rate as the PDMS, resulting in
wrinkling of the elongated film. During hydration, the polymer
and ion mobility that occurs allows restoration of the smooth,
low-energy confirmation.
In this complex structure, polymer chain flexibility and

particle deformability allow for self-healing to occur under
hydrating conditions. Such softness has given microgel films an
additional application in the area of nonadhereing coatings.
Building upon an investigation by Yamato et al. to harvest

keratinocytes on culture dishes grafted with pNIPAm,38

Schmidt et al. demonstrated the ability to use pNIPAm-BIS
(6 mol % cross-linker) microgel films cross-linked with
poly(ethylenimine) (PEI) for thermally controlled detachment
of adsorbed fibroblasts.39 After a 48 h incubation at 37 °C in
cell culture medium, fibroblasts were observed to adhere and
spread well. After cooling to 20 °C, the cells exhibited a round
morphology (effectively detached) and were removed from the
surface with gentle washing. Successive cycles of spreading/
rounding were also observed, indicating a reversible behavior.
Cell detachment from microgel coatings may be attributed to
increased hydration of the polymer, reducing attractive van der
Waals interactions and increasing repulsive osmotic inter-
actions. Ellipsometry and AFM measurements indicated that
upon crossing the VPTT the water content changed from 90 wt
% to less than 30 wt % and the elastic modulus of the microgels
increased by an order of magnitude. At 37 °C, the water
content was 70 wt % and the modulus was in the range of
several hundred kilopascals, making the substrate more suitable
for cell adhesion.
In contrast to the use of hydrophilic/hydrophobic inter-

actions to influence cell adhesion, we investigated the influence
of the unique mechanical properties of self-healing microgel
films on fibroblast adhesion.40 We fabricated polyelectrolyte
films with anionic microgels composed of pNIPAm and AAc
(30 mol %), with either BIS or poly(ethylene glycol) diacrylate
(PEGDA) (4 mol %) as the cross-linker. Either pDADMAC or
PEI was used as the polycation for film construction. All films
showed high protein adsorption, yet multilayers showed low
fibroblast adhesion in comparison to monolayers. This finding
indicates the presence of a nonadherent mechanism that is
independent of a nonfouling behavior, which could be due to
the unique properties associated with film mobility and self-
healing. To test this, the films were chemically cross-linked to
reduce polymer mobility and the influence of film mobility was
evaluated in the context of cell adhesion and spreading.
pDADMAC films served as negative controls for the cross-
linking process because pDADMAC lacks the primary amines
required for cross-linking via EDC/NHS coupling.
AFM nanoindentation data indicated that all films were

“physiologically stiff,” having Young’s moduli greater than 30
kPa.10 The cross-linked BIS/PEI films exhibited the highest
Young’s modulus, approximately an order of magnitude higher
than that of the uncross-linked BIS/PEI film. All films absorbed
large amounts of protein regardless of microgel composition or
cross-link treatment. As shown in Figure 8, fibroblast adhesion
was minimal in uncross-linked multilayers and any observed

Figure 7. AFM (height) images of microgel multilayer films shown (a) before cycling at 0% strain, (b) at 30% strain, (c) when the film is relaxed
back to 0% strain, and finally (d) when the film is restretched to 30% strain. (e) The pattern of roughness persists throughout multiple cycles. All
AFM images are 40 μm × 40 μm. Reproduced from ref 37 with permission from The Royal Society of Chemistry.
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cells were poorly spread. However, fibroblasts exhibited a
spread morphology on the cross-linked BIS/PEI films and
monolayer films with high degrees of cell attachment. At the
microscale, these results can potentially be attributed to the
polymer mobility within the films, where microgel and
polyelectrolyte mobility decreases with increasing intermicrogel
cross-linking. At the nanoscale, this behavior can be attributed
to the viscoelastic character of the microgels and the
intervening polycation in the film. Fibroblasts cannot form
focal adhesions to uncross-linked films because microgels shift
underneath the fibroblast as they feel the force of the fibroblast
probing the surface, resulting in nonadherent material proper-
ties. In this fashion, we are able to observe the importance of
microgel film mechanics on multiple length scales at the cell−
substrate interface.

5. CONCLUSIONS AND OUTLOOK
The importance of microgel mechanical properties in the
literature has progressed with the realization of their impact in
biological environments. Microgels offer a bottom-up and
multiscale route by which mechanics can be tailored on the
individual level from particle synthesis or in assemblies through
intermicrogel cross-links. Specific ranges of modulus control
can be achieved providing control over material response to its
environment and cellular responses to the material. The ease of
synthesizing microgels to display a wide range of mechanical
properties on the particle level and in assemblies affords

microgel-based materials real potential in a variety of
biomedical applications. We have envisioned a new set of
microgel-based materials for the next generation of regenerative
medicine, wound healing, and other biomedical tools, as a new
frontier for microgel-related research. Currently, our group has
ongoing investigations in the development of peptide-modified
microgels for applications in hemostasis, microgel/fibrin
composites matrices to control/direct cell phenotype, self-
assembled peptide/microgel composites for use as tunable
tissue scaffolds, and microgel-based capsules for vascular drug
delivery.
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