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Biomaterials that can be reversibly stiffened and shaped could be useful in broad biomedical applications 
where form-fitting scaffolds are needed. Here we investigate the combination of strong non-linear 
elasticity in biopolymer networks with the reconfigurability of packed hydrogel particles within a 

composite biomaterial. By packing microgels into collagen-1 networks and characterizing their linear 
and non-linear material properties, we empirically determine a scaling relationship that describes the 

synergistic dependence of the material’s linear elastic shear modulus on the concentration of both 

components. We perform high-strain rheological tests and find that the materials strain stiffen and 

also exhibit a form of programmability, where no applied stress is required to maintain stiffened 

states of deformation after large strains are applied. We demonstrate that this non-linear rheological 
behavior can be used to shape samples that do not spontaneously relax large-scale bends, holding their 
deformed shapes for days. Detailed analysis of the frequency-dependent rheology reveals an unexpected 

connection to the rheology of living cells, where models of soft glasses capture their low-frequency 

behaviors and polymer elasticity models capture their high-frequency behaviors. 

 

 

 

 

 

 

 

1 Introduction 

The material properties of biopolymer networks become highly
non-linear in response to modest levels of applied strain, making
them an appealing starting point for designing advanced materials
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having tunable and widely variable elasticity [ 7–10 ]. By contrast,
networks made from flexible synthetic polymers typically exhibit
negligible stiffening at the levels of applied strain where
biopolymer networks are highly nonlinear [ 11 , 12 ]. Nonlinear
material response is found in reconstituted extracellular matrix
(ECM) networks like collagen and fibrin, and in reconstituted
cytoskeletal networks like crosslinked F-actin [ 10 , 13–16 ]. Indeed,
inspiration for tunable elastic materials can be drawn from
 license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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he cell itself; the cytoskeleton exhibits soft-glassy rheological 
ehavior [ 17–19 ], and its elasticity is controlled by cytoskeletal
re-stress generated by molecular motors like myosin [ 20–
6 ]. However, making tunable elastic materials that rely on
olecular motors involves challenges like the stability and spatial 

istribution of constituent proteins and transport limitations of 
heir chemical fuel, adenosine triphosphate (ATP) [ 27 , 28 ]. To
idestep these limitations, it may be possible to leverage materials
hat do not spontaneously reverse states after a large strain is
pplied – packed soft granular materials. Previously, particles 
ere incorporated into biopolymer networks to enhance their 
echanical performance and mimic the compression-stiffening 

roperties of certain biological tissues [ 29–34 ]. Additionally, 
icro-scale hydrogel particles (microgels) have been incorporated 

n biopolymer networks to make materials that stiffen in response
o stimuli such as strain and temperature [ 35 ]. One of the most
seful rheological properties of packed microgels is their ability 
o quickly relax stress after large strains have been imposed, in
ontrast to elastic networks that store elastic energy and work
o return to states of zero strain. However, this property of

icrogels has not been leveraged in previous work on biopolymer-
icrogel composites. Combining the non-linear elasticity of 

iopolymers with the reconfigurability of microgels may enable 
he development of advanced materials that exhibit both tunable 
lasticity and shape programmability in response to mechanical 
timulus. 

Here, we investigate how packing microgels into strain- 
tiffening biopolymer networks leads to controllable and 

eversible material properties. We develop biocomposite materials 
ade from collagen-1 networks filled with microgels made from 

olyethylene glycol (PEG). We find that combining collagen and 

icrogels at relatively low concentrations produces materials 
ith dramatically increased elastic shear moduli compared to 

he individual components. Additionally, non-linear rheological 
ests reveal that the composite materials “lock in” a finite strain
fter stress is applied and then removed, manifesting as a type
 t  

Fig. 1 

ollagen-microgel composite material in strained and unstrained states. (a) Schem
elaxed state. (b) Schematic of the composite material under shear strain where colla
f packed microgels in a relaxed state when no strain is applied on the material. (d)
train is applied on the material. (e) An overlay of confocal fluorescence and reflect
 mg/mL collagen fiber network. 

 

f programmability in shape and elasticity; the reversibility of 
his effect represents a form of shape memory. Our analysis 
ndicates that the collagen network provides the shape memory 
ffect, while the packed microgels provide the programmability 
ffect ( Fig 1 a-d). We demonstrate the shape-programmability 
nd stability of these materials over the course of several days
fter imposing large deformations on molded structures. While 
revious studies of particle-ECM composites focused on material 
trength [ 30 , 33 , 34 ] and tissue-mimicking mechanical behaviors
 31 , 32 ], the work described here uncovers potentially useful
onlinear properties that emerge synergistically from combining 

he two very different materials. 

 Results 
o formulate the biopolymer-microgel composite materials we 
ombine type-1 collagen solutions with PEG microgels, exploring 
 wide range of compositions. We synthesize the PEG microgels 
sing an emulsion polymerization technique ( Section 4.1 ) and 

uspend them in Phosphate-Buffered Saline (PBS) solution before 
ixing with solutions of molecular collagen. Using optical 
icroscopy and digital image analysis, we find that the average 
icrogel diameter is 9.46 ± 4.25 μm (Fig. S1). This diameter 

s within the same order of magnitude as the mesh size of a
ypical collagen network having a concentration of 1–3 mg/mL 

 36 ]. Testing the linear rheological responses of pure microgel
amples at different packing densities, we find they become 
ominantly solid-like at a polymer concentration of 4.2 % (w/w), 
bove which the elastic shear modulus, G ’, is larger than the
iscous shear modulus, G ’’ (Fig. S2a). Thus, we formulate the
icrogel-biopolymer composite materials at PEG concentrations 

etween 2 % and 6 % (w/w), spanning this threshold. We vary
he collagen concentration over the range of 0.5 to 2 mg/mL.
he samples are prepared using molecular collagen solutions; both 

he microgel and the collagen solutions are kept in an ice bath
ntil they are mixed and brought to neutral pH. The sample
emperature is ramped to 370 C and cured for 45 min. An overlay
atic of composite material with the collagen fibers and packed microgels in 
gen fibers are in tension and packed microgels in compression. (c) Schematic 
 Schematic of packed microgels rearranged and in a relaxed state after shear 
ance micrographs of 4.7 % (w/w) packed microgels with an interpenetrating 
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Fig. 2 

Linear rheological characterization of collagen-microgel composite materials. (a) Elastic and viscous moduli of the composite materials show weak frequency 
dependence and an elastic solid-like behavior over a wide frequency range. The moduli of composite materials are larger than those of the individual components. 
(b) Elastic shear moduli of type-1 collagen gels at a representative oscillation frequency of 0.1 Hz overlaid on data from published literature[ 1–6 ] shows a scaling 
law of G ’ ∼ Cc 

2.2 above a collagen concentration of 0.4 mg/mL. (c) Collagen added to loosely packed microgels below a concentration of 4.2 % (w/w) dramatically 
increases the elastic modulus of the composite material. Free fitting power laws to the data at each collagen concentration reveals a scaling law of G ’ ∼ Cm 

2.4 . (d) 
The power law analysis results in G ’ / Cm 

2.4 collapsing at multiple collagen concentrations leading to a power law relation of G ’∼ Cc 
2.9 indicating a stronger scaling 

of elastic shear modulus with collagen concentration due to synergistic effects of the collagen-microgel composite materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of confocal fluorescence and reflectance micrographs shows the
interpenetrating collagen network and packed microgels ( Fig. 1 e).

2.1 Mutual stiffening in the linear regime 
The material properties of type-1 collagen networks strongly
depend on the polymer concentrations. Prior work [ 1–6 ] has
shown that G ’ ∼ Cc 

2.2 , where G’ is the elastic shear modulus and
Cc is the collagen concentration. To check that our formulation
method agrees with the published literature, we perform linear
rheology on collagen gels. We measure shear moduli of the
collagen gels using frequency sweeps and extract storage modulus,
G ’, and loss modulus, G ”, spanning a frequency range of 0.1 Hz to
10 Hz. Over this frequency range, we find that G ’ > G ” and both
G ’ and G ” increase weakly with increasing frequency (Fig. 2a, S3).
To test the scaling of G ’ with increasing collagen concentration,
Cc , we choose a representative oscillation frequency of 0.1 Hz
and overlay our G’ data points on top of data from the published
literature. We find that above Cc = 0.4 mg/mL, our samples exhibit
the expected scaling law of G ’ ∼ Cc 

2.2 and lay within the range of
published values ( Fig. 2 b). 

To investigate the effect of adding microgels to collagen
networks, we develop composite formulations where G’ of
the microgel component is less than or comparable to that
of the collagen component; when packing pure microgels at
concentrations above Cm 

= 4.2 % (w/w), we find the microgel
elasticity dominates the contribution from collagen ( Fig. 2 c).
Below Cm 

= 4.2 %, the microgels are dominantly fluid-like,
exhibiting G ” > G ’ (Fig. S2a). Adding collagen to the fluid-like
microgels pushes the composite mixtures to the solid regime,
where G ’ > G ”. We also find that the composite materials exhibit
frequency dependence in their complex modulus, G∗ = G ’ + i G ”,
consistent with soft glassy rheology (SGR) at low frequencies and
rigid polymer networks at high frequencies (Fig. S4). This type of
frequency response resembles the rheology of living cells, which
we explore further in the Discussion at the end of this manuscript.
By contrast, the frequency dependent moduli of neither collagen
nor packed microgels in isolation are well described by the SGR /
polymer physics phenomenology (Fig. S4). 

To test the scaling of G ’ in the composite material with
increasing collagen concentration, Cc , and increasing microgel
concentration, Cm 

, we choose a representative oscillation
frequency of 0.1 Hz and plot G ’ versus Cm 

, creating a data series for
each value of Cc . We observe clear separation between the different
data series, finding that G’ increases strongly with increasing Cc .
To quantify the effect of adding microgels to collagen networks,
we freely fit a power law to each dataset corresponding to a given
value of Cc , finding that G’ scales with Cm 

to an average power of
2.4 ± 0.2 (mean ± standard deviation across five datasets). With
this analysis, we rescale the G ’ datasets by Cm 

2.4 , which collapse
to a single power law of G ’ ∼ Cc 

2.9 ( Fig. 2 d). This empirical process
reveals a scaling for the composite’s storage modulus given by
G ’ ∼ Cm 

2.4 x Cc 
2.9 . This enhanced scaling of storage modulus

with collagen concentration has not been observed previously
and demonstrates the synergistic effects of collagen-microgel
mixtures. We hypothesize that the synergistic effect arises from
the fact that pure collagen networks are known to be sub-isostatic,
where the number of degrees of freedom exceeds the number of
constraints; adding microgels to the network may increase the
number of constraints, leading to the stronger scaling of modulus
with collagen concentration [ 37 ]. 

2.2 Non-linear rheology and shape memory 
Among the remarkable properties of biopolymer networks is
their strain stiffening behavior, while among of the most useful
properties of packed microgels is their yielding behavior. Both
these phenomena emerge with increasing levels of imposed
strain. Thus, we perform a series of high-strain rheological tests
designed to elucidate how the reconfigurability of microgels
and the strain-stiffening of collagen gels contribute to the non-
linear behaviors of the composite material. While we focus
here on microgel concentrations slightly below the close-packing
concentration, confocal microscopy images suggest that the space
occupied by the collagen network and the connectivity it provides
3 
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Fig. 3 

High-strain rheology and stress reversal behavior of collagen-microgel 
composite materials. (a) Strain profile indicating (i) slow ramp of shear strain 
to 13 % followed by (ii) oscillations at 0.5 % strain amplitude and 1 Hz to 
measure G’ , and (iii) slow ramp down of strain back to zero, followed by (iv) 
oscillations at 0.5 % strain amplitude and 1 Hz to measure G’ . (b) The material 
stiffens as the applied strain ramps up to 13 %, and the elastic shear modulus 
remains steady through oscillations in the pre-strained state, indicating that 
the material shows a linear behavior. As the pre-strained material is sheared 
back to its original state, we observe an interesting behavior where stress 
reverses and goes negative at a finite strain. The elastic modulus is steady 
through oscillations but a factor of 2 higher than the modulus measured 
before any strain is applied, indicating small amounts of prestress stored in the 
material. 
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Fig. 4 

Collagen-microgel composites exhibit stress reversal at a positive strain 
following the application of a large strain and reversal back to the original state. 
(a) Stress reversal for composites with 2 mg/mL collagen and varying microgel 
concentrations. The slope decreases with decreasing microgel concentrations 
due to decreasing elastic shear modulus. (b) Stress reversal for composites with 
3 % (w/w) microgel and varying collagen concentrations. The zero-stress point 
occurs at higher strain values for composites having less collagen since softer 
networks require more strain than stiffer networks to achieve the same level of 
tension. 

m  

r
m
fi  

o  

g
t
(  

m
a

a  

o  

t
h
d
c
a
C
h
n
s  

o
c  

fi

c
p  

i  

d
a  

S
f  

a
a
t

4

reate an increased effective volume per microgel particle. Thus, 
e hypothesized that the collagen-microgel composite material 
ould cross over into a different regime of material response at
pplied strain levels in which particles rearrange. We estimate 
his strain level to be approximately 13 %, as described in
revious work [ 38 ]. Briefly, this strain corresponds to the scale of
eformation required for close-packed, monodisperse spheres to 

lide past their nearest neighbors, divided by the sphere diameter;
ere this diameter would be an effective diameter. We slowly ramp
hear strain up to 13 % over the course of 130 s, then superimpose
mall-amplitude oscillations at 0.5 % strain amplitude and 1 Hz,
easuring G ’ of the pre-strained sample over time. After 300 s,

he pre-strain is ramped back down to zero strain, where G ’ is
easured again at 0.5 % strain amplitude and 1 Hz for 300 s

 Fig. 3 ). 
We find that as the applied strain ramps linearly in time to

3 %, the measured stress rises non-linearly, indicating that the
omposite samples are strain-stiffening (region i in Fig. 3 ). Once
he sample is strained by 13 %, we find the elastic modulus has
ncreased by approximately an order of magnitude and remains 
teady over the 300 s testing duration, oscillating at a frequency of
 Hz and a super-imposed strain amplitude of 0.5 %, exhibiting no
 

ajor relaxations (region ii , Fig. 3 ). As the rheometer geometry is
otated back to zero angular deflection, we observe an interesting 
aterial behavior where stress reverses sign, going negative at a 

nite-positive angle that corresponds to a shear strain in the range
f 6 - 9 % (region iii , Fig. 3 a; Fig. 4 ). Finally, after the rheometer
eometry is returned to zero-angular deflection, which we call here 
he “zero-strain” state, we find that G’ remains steady over time 
region iv , Fig. 3 ), but remains 1.5 ± 0.24 times the original values

easured before the strain-ramp test (mean ± standard deviation 

cross 8 samples). 
Most tested samples exhibit stress-reversal behavior following 

 large strain, crossing over to negative stresses within the range
f 6 - 9 % positive strain during the ramp-down. We hypothesize
hat this zero-crossing and stress-reversal arises from the particles 
aving re-arranged at high strain, resisting shear in the returning 
irection of the rheometer tool, while the tensed collagen network 
ontinues to pull back toward a zero-shear state, producing 
 meta-stable state of deformation in the composite material. 
orrespondingly, we find that the zero-stress point occurs at 
igher strain values for composites having less collagen; softer 
etworks require more strain than stiffer networks to achieve the 
ame level of balancing tension ( Fig. 4 ). To test the robustness
f the high-strain rheology and stress reversal behavior of the 
omposites, we repeat the experiments at 25 °C and 30 °C and
nd no appreciable changes in the rheological behavior (Fig. S7). 

To further test this idea of counteracting forces within the 
omposite material after large strains, we perform strain ramp 

rotocols like those in Fig. 3 , but with one change: after the strain
s ramped to 13 % and held for 300 s, the strain is ramped back
own until the rheometer measures zero torque, which is recorded 

s zero-stress but a finite strain within the 6 - 9 % range ( Fig. 5 ).
mall-amplitude oscillations are then performed about this strain 

or 300 s, measuring G’ at a frequency of 1 Hz and 0.5 % strain
mplitude. Here, we find that G’ exhibits no major relaxations 
nd equals 0.85 ± 0.14 times the original values measured before 
he strain ramp (mean ± standard deviation over 3 different 
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Fig. 5 

High-strain rheology and zero stress at a finite strain for collagen-microgel 
composites. (a) Strain profile indicating (i) slow ramp of shear strain to 13 % 

followed by (ii) oscillations at 0.5 % strain amplitude and 1 Hz to measure G’ , 
and (iii) slow ramp down of strain back to a finite value where shear stress is 
zero, followed by (iv) oscillations at 0.5 % strain amplitude and 1 Hz to measure 
G’ . (b) The material behavior in regions (v) and (vi) is similar to that in regions (i) 
and (ii), respectively; however, the elastic modulus at a finite strain where stress 
is zero is comparable to the modulus measured before strain is applied to the 
material. This indicates that the composite materials exhibit a shape memory 
behavior. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 

Shear moduli of collagen-microgel composite materials with Cc = 2 mg/mL and 
Cm 

= 4 % (w/w), at different testing stages. (a) Shear moduli exhibit no major 
relaxations over 300 s at the different testing stages – before strain, 13 % strain, 
zero strain (post cycle), and zero stress (post cycle). (b) Elastic shear moduli 
rescaled with microgel concentration collapses into separate groups indicating 
a scaling of G ’∼ Cc 

2.9 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

samples). Thus, in this state, a finite strain is “locked in” yet
the sample exhibits no apparent stiffening; shearing the sample
further toward the original zero strain state would soon result
in measuring a negative shear stress and the sample exhibiting
strain-stiffening, as seen above. Together, these observations
indicate that in the ideal model scenario, the collagen network
always has the same reference point for zero-stress, while the
microgels’ reference point resets following particle rearrangement
events. 

As a direct demonstration of how G ’ depends on these different
levels of applied strain over time, we overlay small amplitude
oscillatory shear data for a sample formulated at Cc = 2 mg/mL and
Cm 

= 4 % (w/w), where Cc and Cm 

are the collagen and microgel
concentrations as defined earlier. The shear moduli shown here
exhibit little time-dependence relative to the separation between
datasets and follow the same pattern as the averages described
above ( Fig 6 a). To systematically investigate how the composite
materials strain-stiffen and recover after large strains, we re-scale
all the measurements of G ’ performed under different states of
strain, dividing by Cm 

2.4 . We find the data collapse into separate
groups, each of which exhibits scaling consistent with G ’ ∼
Cc 

2.9 , as previously found. The samples pre-strained to 13 %
exhibit the highest moduli laying on a curve 11.8 times the curve
corresponding to unstrained samples; the samples at zero strain
exhibit moduli twice the values measured before any strain is
applied and the samples at zero stress have moduli 0.6 times the
original values measured before the strain ramp test. Together,
these results demonstrate that a wide range of collagen-microgel
composite material compositions can be made to possess the
most useful properties of their constituents, simultaneously; the
composite material strain stiffens at intermediate strain levels, like
typical biopolymer networks, while exhibiting reconfigurability,
like typical jammed particulate materials. By combining the two,
the material possesses mechanical programmability and shape
memory; the material can be “locked into” states of stress that
neither of the individual constituents are capable of maintaining
alone. 

2.3 Soft, submerged, shape-programmable structures 
To assess how the rich rheological behaviors of this material
provide may be used in applications, we fabricate simple structures
and study how they perform after large strains. Composites
consisting of 2 mg/mL collagen and 4 % (w/w) microgels
are prepared as outlined in Section 2.2 and poured into 3D
printed Acrylonitrile Butadiene Styrene (ABS) rectangular molds of
dimensions 80 mm x 25 mm x 2 mm and 80 mm x 25 mm x 5 mm.
After curing at 370 C for two hours, the casted sheets are removed
from the molds using a spatula and immersed in water. We find
the casted materials are robust and can be manually reshaped at
room temperature. 

We conduct several tests to evaluate the material’s shape
retention capabilities. First, we bend a 5 mm thick rectangular
sheet around a cylindrical stainless-steel rod and after 6 h we find
that the material holds its bent shape ( Fig. 7 a). In a subsequent
test, we bend a 2 mm thick rectangular sheet around a cylindrical
rod but flip the sheet along the axis normal to the curvature
and the material holds its shape for 24 h. We then flip the sheet
180 °, and the material still holds shape for an additional 24 h
( Fig. 7 b). In another test, we make a loop out of a 2 mm thick
sheet and rest it on its side; we find that the material holds its
curved shape for 30 h. Finally, we make a bridge-shaped structure
5 



Giant, 19, 2024, 100297 

Full-length
 article

 

Fig. 7 

Soft, shape-programmable structures casted out of composite materials consisting of 2 mg/mL collagen and 4 % (w/w) microgels, submerged in water. (a) A 5 mm 

thick rectangular sheet bent around a cylindrical stainless-steel rod holds its shape after 6 h. (b) A 2 mm thick rectangular sheet bent around a cylindrical rod and 
oriented concave-up holds its shape for 24 h. The same sheet flipped 180 ° still holds its shape for 24 h. (c) A loop made from 2 mm thick rectangular sheet and 
resting on its side holds its curved shape for 30 h. (d) A bent sheet holds its shape for 300 h. 
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nd find that the material again holds its shape for 300 h. To assess
f deformations of the composites lead to changes in birefringence
s a functional property, we capture images of rectangular sheets
asted out of the composite materials before and after applying
train while mounted between crossed-polarizers on a microscope. 
t zero-strain, we observed no detectable birefringence; at an 

xtension strain of approximately 50 %, we observed very modest
igns of birefringence. (Fig. S6). These experiments underscore the 
nique shape programmable attributes of the collagen-microgel 
omposite materials, that can be leveraged to manufacture 
table structures, impossible to make with collagen or microgels 
lone. 

 Discussion and conclusions 
ere we have formulated a soft biocomposite material having 
hysical properties derived from the non-linear behaviors of its 
wo main constituents: a collagen-1 network and packed microgel 
articles. This material’s elastic shear modulus depends strongly 
n its state of strain, which is typical of many biopolymer
etworks. By packing soft microgel particles into the biopolymer 
etwork, the non-linear states of strain stiffening can be self-
aintained. Thus, the material exhibits a form programmability 
ith respect to its shape and elasticity, simultaneously. Ideally, 

f the network component of the biocomposite maintains its 
etailed connectivity, it also has shape memory, which is reflected
y the reversibility of the nonlinear effects we observe. There
s a rich phenomenology of memory and programmability in 

aterials [ 39 ], including demonstrations of materials that appear
o learn in response to the details of mechanical shearing [ 40 ].

e envision that the material we have made here can be used
s a model system to test emerging ideas about memory and
earning in mechanical systems, as well as find use in applications.
or example, simple sheets made from this material can be bent
nd manually shaped in analogy to metallic foils, exhibiting 
o signs of large-scale relaxation over time. This biocomposite 
aterial could inspire designs in biomedical applications such as 

artilage and tissue regeneration or vascular structure formation, 
here form-fitting scaffolds are beneficial [ 41–43 ] and where
 

aintaining a low matrix concentration would assist in mitigating 
brosis or inflammatory responses [ 44–47 ]. Finally, to create 
omplex structures that are more robust and mechanically defined 

han structures made from their individual constituents, this 
aterial could be 3D bioprinted; previous work has demonstrated 

he ability of printing low concentration collagen [ 48 ], pure
icrogel packs [ 49 ], and mixtures of cells and collagen [ 5 , 50 ],

ndicating that the biocomposites described here could be printed 

sing the same simple approaches while achieving the same 
tructural precision. 

Expecting to draw parallels with the rheological responses 
f biological tissue, as observed previously, we were surprised 

o find connections to the rheology of individual living cells; 
oth systems strain-stiffen and the frequency-dependent complex 

oduli of our biocomposite materials obey scaling laws very 
lose to those found in rheological measurements performed on 

ndividual cells [ 19 , 51 ]. The complex modulus of both materials
xhibit weak power-law scaling at low frequencies, as described 

y rheological models of soft glasses, and stronger power-law 

ependence at high frequencies, associated with the constituent 
olymer networks. In some respects, this similarity may be 
xpected: like our biocomposite material, the cytoskeletal network 
s permeated with a complex fluid, the cytoplasm. Indeed, a large
ody of work has shown that the crowded proteins dispersed 

hroughout cytoplasm exhibit signs of glassy dynamics [ 17 , 19 , 51–
3 ]. There are many key differences to take note of, however.
he collagen-1 networks we use are not constantly remodeling 

ike the cytoskeleton; the rheological crossover between SGR and 

olymer network elasticity in the cell is attributed to the time-
cale associated with such remodeling. Likewise, the cytoskeletal 
-actin filaments are semi-flexible polymers, whereas the collagen- 
 fibers fall closer to the classification of rigid polymers and have
een treated as athermal elastic rods [ 37 ]. Finally, the proteins of
he cytoplasm, even if crowded to the point of exhibiting glassy
ehaviors, are nano-scale and thus thermally active. The microgels 
e use are much larger than 1 μm and can be thought of as
thermal soft granules. Keeping these differences in mind, we are 
ntrigued by the possibility that the collagen/microgel composite 
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material we investigated here could be considered a minimal,
athermal, rheological model of the cell. Such a model could be
useful to further elucidate certain striking cell behaviors, such as
the “unjamming” of cells in compressed monolayers following the
removal of pressure from the apical surface [ 18 , 54 ]. If compressing
the cytoskeleton-cytoplasm composite within living cells leads
to the arrest of cell motion through a mechanism analogous
the shape-programmability found in our material, the same
mechanism could be used to design a diversity of highly tunable
and reconfigurable materials inspired by the cell. 

4 Materials and methods 
4.1 Microgel synthesis 
To synthesize PEG microgels, a solution of 25 % (w/w)
poly(ethylene glycol) methyl ether acrylate (Mn = 480 g mol-
1, Sigma Aldrich 454,990), 0.4 % (w/w) poly(ethylene glycol)
diacrylate (Mn = 700 g mol-1, Sigma Aldrich 455,008), and
0.15 % (w/w) ammonium persulfate (Sigma Aldrich A3678) is
prepared in ultrapure water. Separately, a 0.7 % (w/w) polyglycerol
polyricinoleate (a commercial surfactant, Paalsgaard PGPR-4125)
solution is prepared in kerosene. The aqueous and organic
solutions are then combined in a beaker, placed on an ice bath,
and homogenized at 8000 rpm for 5 min to form a milky-white
emulsion. Nitrogen is bubbled through the covered solution for
1 hour to displace dissolved oxygen. The deoxygenated reaction
mixture is removed from ice and transferred to a 1 L round bottom
flask equipped with a magnetic stirring bar. At this time, 0.5 %
(w/w) of 1,2-Di(dimethylamino)ethane (TEMED, Fisher Scientific
BP150) is added dropwise while the solution is stirred in a nitrogen
atmosphere for 1 hour. The solution is then exposed to air and
stirred for 30 min to complete the reaction. To separate the
microgels from the kerosene phase, methanol is added to the
microgel solution, and the mixture is vigorously shaken in 500 mL
centrifuge tubes followed by centrifugation at 4000 x g for 15 min
and removal of supernatant; these washing steps are performed
three times to completely remove the surfactant and organic
phases. Finally, PBS is used in the same washing, centrifugation,
and supernatant removal steps two times. The microgel solution
is then sterilized by autoclaving for 30 min in a liquid cycle at
120 ◦C and 15 psi. The autoclaved microgels are left at room
temperature in a biosafety cabinet until temperature equilibration
and aliquoted in 50 mL centrifuge tubes. 

4.2 Microgel / collagen composite formulation 

The PEG microgels are lyophilized and reconstituted at 12 %
(w/w) in sterile PBS. The microgel solution is mixed with 25 μM
HEPES buffer, PBS, and cold collagen (Nutragen Type I Collagen
Solution 6 mg/mL, Advanced Biomatrix 5010) such that the
final concentrations of collagen and microgels are the desired
concentrations for the composite formulation. The fraction of
each component is precisely measured by weighing them on a
microbalance. Small volumes of NaOH (less than 1 % of the total
mixture volume) are added to neutralize the pH, and the material
is mixed in a planetary speed mixer at 3500 rpm for 2 min. The
composite material is then transferred to ice until experiments are
performed. 
4.3 Rheology 
Material properties of the collagen-microgel composites are
measured by conducting shear rheology experiments on an
Anton Paar MCR 702 rheometer. The composite material is gelled
on the rheometer at 370 C prior to the experiment. Sample
evaporation is prevented by a solvent trap and the sample is
maintained at 370 C throughout the experiment using a Peltier
temperature control system. A 50 mm sandblasted cone-plate
geometry with a measuring gap of 98 μm is used for collagen
concentrations below 1 mg/mL and a 50 mm sandblasted parallel-
plate geometry with a measuring gap of 1 mm is used for other
material compositions. Shear moduli of the composite materials
are measured under oscillatory shear at 2 % strain amplitude
and 0.1–10 Hz frequency. Nonlinear stress-strain relationships are
probed using unidirectional strain ramps. Rheological tests on
samples in pre-stressed states are performed by ramping the shear
strain from 0 % to 13 %, followed by a super-imposed oscillatory
test of the strained material at 0.5 % strain amplitude and 1 Hz. To
test for reversibility, these pre-strain samples are returned to zero
strain or zero stress, followed by an oscillatory test of the relaxed
material at 0.5 % strain amplitude and 1 Hz frequency. 

4.4 Microscopy and photography 
To image the composite material structure, 3D stacks of
fluorescence and reflectance images are collected using a Nikon
Eclipse Ti-2 laser scanning confocal microscope with a C2 + scan
head and a 60x oil objective with a numerical aperture (NA)
of 1.4. We collect images with a spatial sampling resolution of
0.2 μm per pixel in the X–Y plane and 0.25 μm per step in
the Z direction. Microgels conjugated with rhodamine B acrylate
(Polysciences 25,404–100) are imaged using a TRITC fluorescence
filter configuration; collagen fibers are imaged using a confocal
reflectance filter configuration. To remove random noise, the
individual channel images are blurred with a Gaussian kernel
having a half-width of 0.7 pixels. We then take the logarithm
of the maximum intensity projection of approximately 50 slices
along the z-axis and overlay the channels to generate the
composite image. Photographs of the casted composite sheets are
taken using a Canon digital camera. 
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S1. Microgel Particle Size 

The PEG microgels are synthesized as described in section 4.1, diluted in PBS buffer, and imaged 

with brightfield microscopy to measure the particle size and shape (Fig. S1a). We characterize the 

particle size distribution of these microgels through quantitative analysis of the brightfield images. 

Custom MATLAB segmentation code is used to detect particle edges and label each region of the 

image corresponding to a particle. The cross-sectional areas of all isolated objects are measured 

and tabulated; we equate each measured area to that of a circle and solve for the corresponding 

effective diameter, D. We then construct a probability density function of particle diameter, p(D). 

We find that p(D) follows a log-normal distribution, as previously found with similar materials [1]. 

The mode of the distribution lays at roughly 5 µm, while the mean diameter (± standard deviation) 

of the microgel particles is 9.46 ± 4.25 µm (Fig. S1b). This broad distribution may be important to 

the material’s performance; if the microgel particles were monodisperse, the material may form 

crystalline domains having preferred directions of particle rearrangements. Such ordered domains 

would likely make the reconfigurability of the collagen-microgel composites anisotropic, resulting 

in materials with limited performance. By contrast, the broad particle size distribution of PEG 

microgels promotes isotropic particle rearrangements that enable the material properties we 

observe in the composite materials. 

 

S2. Microgel Rheology 

Rheological tests are performed on microgel dispersions prepared at a variety of concentrations 

using an Anton Paar MCR 702 rheometer with 25mm and 50mm parallel plate geometry. We 

perform small amplitude frequency sweeps to determine the elastic and viscous shear moduli in 

Figure S1. PEG microgels synthesized by inverse emulsion polymerization. (a) Brightfield image of microgels suspended in PBS. (b) 
The probability density function of particle diameter exhibits a mode at approximately 5 µm. 



the linear deformation regime. A strain amplitude of 1% is applied to the samples oscillating over 

a frequency range of 0.1-10Hz. Elastic shear moduli are larger than viscous moduli over a range 

of microgel concentrations above 4.2% (w/w), indicating that this is a crossover concentration 

where microgels transition from liquid-like to solid-like state (Fig. S2a); below this 

concentration the measured torque values fall below the instrument’s sensitivity. To investigate 

the yielding of microgel packs under persistent shear, we perform unidirectional shear tests, 

ramping the shear rate from 0.001 to 100 s-1 while measuring the shear stress. We find the shear 

stress curves exhibit plateaus at low shear rates corresponding to the materials’ yield stresses, 

falling within the approximate range of 0.1-10 Pa (Fig. S2b). 

 

S3. Collagen Rheology 

Shear rheology experiments are performed on collagen networks prepared at different 

concentrations by mixing solutions of cold collagen (Nutragen Type I Collagen Solution 

6mg/mL, Advanced Biomatrix 5010) with 25µM HEPES buffer, and PBS. The fraction of each 

component is precisely measured by weighing them on a microbalance. Small volumes of NaOH 

(less than 1% of the total mixture volume) are added to neutralize the pH, and the material is 

transferred to ice until experiments are performed. Collagen solutions are gelled on the 

rheometer at 37°C for 45 minutes prior to shear rheology tests. We measure shear moduli of the 

collagen gels using oscillatory frequency sweeps at a 2% strain amplitude and extract storage 

modulus, G’, and loss modulus, G”, spanning a frequency range of 0.1 Hz to 10 Hz. We find that 

Figure S2. Material characterization of PEG microgels using shear rheology. (a) Elastic shear moduli of microgel solutions (G’) are 
greater than viscous moduli (G”) for a wide range of microgel concentrations, indicating that the material behaves like a damped 
elastic solid under low levels of shear. (d) The material exhibits low yield stress in the range of 0.1-10 Pa at concentrations above 
loose packing, and the yield stress of the material is linearly proportional to the elastic shear modulus. 



G’ > G” and both G’ and G” increase weakly with increasing frequency over most of this range 

(Fig. S3). 

 

S4. Soft Glassy Dynamics of Collagen-Microgel Composites and their Constituents 

Drawing from prior work on the frequency-dependent moduli of the cytoskeleton / cytosol 

composite within living cells [2-4], we investigate the frequency dependence of collagen-microgel 

composites’ moduli. For comparison, we also study the frequency dependent moduli of pure 

collagen and microgels, separately. We denote the complex modulus at frequency, 𝑓𝑓, by 𝐺𝐺∗(𝑓𝑓). A 

two-term power law model, given by 𝐺𝐺∗(𝑓𝑓)  =  𝐴𝐴(𝑖𝑖𝑓𝑓)𝛼𝛼 + 𝐵𝐵(𝑖𝑖𝑓𝑓)𝛽𝛽, is split into real and imaginary 

parts that are simultaneously fit to G’ and G” of each sample, with respect to parameters 𝐴𝐴, 𝐵𝐵, 𝛼𝛼, 

and 𝛽𝛽, while statistically weighting the imaginary part of the function. We find that the model does 

not fit the shear moduli of pure microgel samples at all. This can be understood from direct 

inspection; G’ is nearly frequency-independent, which would force G” toward zero in the fit, 

missing the corresponding data points (Fig. S4a). Similarly, the moduli of pure collagen networks 

exhibit weak non-monotonic frequency dependencies that the fits appear unable to satisfy 

simultaneously (Fig. S4b). However, the collagen-microgel composites exhibit 𝐺𝐺’ curves that 

follow a weak frequency-dependent power law and 𝐺𝐺” curves that follow two weak power-law 

regimes; the model is able to simultaneously capture both these shapes for each dataset.  

Figure S3. Material characterization of collagen gels using shear rheology. Oscillatory frequency sweeps are performed at a 2% strain 
amplitude spanning a frequency range of 0.1 Hz to 10 Hz. We find that G’ > G” and both G’ and G” increase weakly with increasing 
frequency over most of the frequency range. 



 

We find the average values of the 𝛼𝛼 and 𝛽𝛽 to be 0.105 and 1.05. Prior work on living cells 

found 𝛼𝛼 to be within the range of 0.15 and 0.35, corresponding to soft glassy rheology at low 

frequencies, and 𝛽𝛽 to be 0.75, corresponding to semiflexible polymer rheology at high frequencies 

[2, 4, 5]. Here, the composite materials exhibit 𝛽𝛽 close to 1 at high frequencies, as found in the 

rheology of rigid networks [6-8], and a soft glassy behavior at low frequencies (Fig. S4c). The 

powers show no systematic trend with the overall stiffness of the samples, as seen in plots of 𝛼𝛼 

and 𝛽𝛽 versus |𝐺𝐺∗|, where a representative frequency of 0.1 Hz is chosen (Fig. S5). Thus, the general 

class of frequency-dependent rheology appears to emerge synergistically from the combination of 

materials and not from a particular composition or material concentration; the connection to soft 

glassy rheology suggests that the composite material possesses a complex landscape of local 

energy minima that neither of the two individual components possess on their own. We are 

intrigued by the rheological similarities between the collagen-microgel composite and the living 

cell, both exhibiting soft glassy rheological behavior at low frequencies and rheological responses 

of their constituent biopolymer networks at high frequencies. 

 

 

Figure S4. Soft glassy dynamics of collagen-microgel composites, pure collagen, and microgels. A two-term power law model, 
𝐺𝐺∗(𝑓𝑓)  =  𝐴𝐴(𝑖𝑖𝑓𝑓)𝛼𝛼 + 𝐵𝐵(𝑖𝑖𝑓𝑓)𝛽𝛽 is fit to shear moduli of (a) microgels, (b) pure collagen solutions, and (c) collagen-microgel composites. 
Pure collagen solutions have weak frequency-dependent 𝐺𝐺’ that manifests in the composites. 𝐺𝐺” of composites follow two weak power-
law regimes.  



 

 

 

Figure S5. Powers 𝛼𝛼 and 𝛽𝛽 of the two-term model 𝐺𝐺∗(𝑓𝑓)  =  𝐴𝐴(𝑖𝑖𝑓𝑓)𝛼𝛼 + 𝐵𝐵(𝑖𝑖𝑓𝑓)𝛽𝛽show no systematic trend with the absolute values of 𝐺𝐺∗.  

Figure S6. Images of a collagen-microgel composite sample mounted between crossed-polarizers on a microscope. (a) Unstrained 
sample shows no changes in birefringence, and (b) strained sample shows modest levels of changes in birefringence. 
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Figure S7. Temperature effects on high-strain rheology and stress reversal behavior of collagen-microgel composite materials. (a) 
Strain profile indicating (i) slow ramp of shear strain to 13% followed by (ii) oscillations at 0.5% strain amplitude and 1Hz to measure 
G’, and (iii) slow ramp down of strain back to zero, followed by (iv) oscillations at 0.5% strain amplitude and 1 Hz to measure G’. (b) 
No appreciable changes are observed in the rheological behavior of the composites: the material stiffens as the applied strain ramps 
up to 13%, the elastic shear modulus remains steady through oscillations in the pre-strained state, and as the pre-strained material is 
sheared back to its original state, we observe stress reversal at a finite strain. 


	Subramaniam_Giant_2024
	Biopolymer networks packed with microgels combine strain stiffening and shape programmability
	1 Introduction
	2 Results
	2.1 Mutual stiffening in the linear regime
	2.2 Non-linear rheology and shape memory
	2.3 Soft, submerged, shape-programmable structures

	3 Discussion and conclusions
	4 Materials and methods
	4.1 Microgel synthesis
	4.2 Microgel / collagen composite formulation
	4.3 Rheology
	4.4 Microscopy and photography

	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgements
	Supplementary materials
	References


	1-s2.0-S2666542524000614-mmc1 (1)



