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ABSTRACT: Inspired by the specific strain stiffening and
negative normal force phenomena in several biological networks,
herein, we show strain stiffening and negative normal force in
agarose hydrogels. We use both pre-strain and strain amplitude
sweep protocols in dynamic rheological measurements where the
gel slip was suppressed by the in situ gelation in the cross-hatched
parallel plate rheometer geometry. Within the stiffening region, we
show the scaling relation for the differential modulus K ∝ σ1, where
σ is stress. The strain at the onset of stiffening is almost constant
throughout the concentration range. The gels show negative
apparent normal stress difference when sheared as a result of the
gel contraction. The pore size of the hydrogel is large enough to allow water to move with respect to the network to balance the
pressure difference caused by the hoop stress. The rheological analysis together with scanning electron microscopy suggests that the
agarose gels can be described using subisostatic athermal network models where the connectivity dictates the stiffening behavior.
Therefore, the simple agarose gels appear to capture several of the viscoelastic properties, which were previously thought to be
characteristic to biological protein macromolecules.

1. INTRODUCTION

Fibrillar hydrogels derived from biological tissues show two
interesting nonlinear mechanical behaviors: strain stiffening
and negative normal stress difference when shear is applied.1

Models and simulations have suggested that both phenomena
arise either from the specific mechanical properties of the
individual fibrils or from the network topology.2 The strain
stiffening has commonly been reported for protein-based gels,
such as actin, fibrin, and collagen,1,3 whereas it has been
observed only in a few polysaccharide gels, such as in agarose,4

agar,5−7 hyaluronic acid,8 methylcellulose,9,10 pectin,11,12 and
alginate,13 as well as in specific synthetic gels.14−17 Many of the
strain stiffening gels show also negative normal stress difference
when sheared.1,10,13 Their mechanical properties are typically
measured with oscillatory rheology and the stiffening is seen
during the amplitude strain or stress sweeps as a sudden
increase in a modulus beyond a certain stress or strain value.
There are two main reasons behind the stiffening response,

which can explain the behavior together or alone. If the
individual fibrils are stretched beyond the Hookean limit, then
they start to stiffen. Basically, the neo-Hookean model can
already explain the stiffening of the elastic fibrils in tension, yet
it cannot capture the strain stiffening in shear deformation at
rather small strains or the negative normal force.18 In shear
deformation, part of the fibrils are stretched and the others are
contracted. The overall strain stiffening can be observed only if
the effects of the fibrils, which are contracting and stretching,
do not cancel each other out and the fibrils resist more
extension than compression. Another main reason for

stiffening is the topology of the network, i.e., the connectivity
of the junctions. Maxwell already showed in 1864 that there
should be a certain number of stiff rods connecting the
junctions to form a stiff frame.19 In 1978, Calladine added a
term that accounts the states of self-stresses in the network,
which decreases the number of so-called floppy modes.20 If the
connectivity is below the central force isostatic point (CFIP, 6
in 3D), then the structure is considered as floppy, but for ≥6, it
will be rigid.21−23 Sharma et al. showed that this is actually a
mechanical phase transition and CFIP is a critical point.23,24

Although Maxwell considered truss networks with friction-
less joints, there are similarities with nearly rod-like semi-
flexible subisostatic athermal networks; for example, they both
deform in a nonaffine way. The network can change from the
floppy phase to the rigid and stiff phase either by changing the
connectivity or by stretching the relatively stiff fibrils, where
both reduce the degrees of freedom of the junction points of
the network.23 But the network has to be mainly athermal,
which basically means that the fibrils’ persistence length should
be significantly larger or at least at the same length scale with
the mesh size of the network; otherwise, the thermal effects
will be dictated.2,24 The transition from the floppy phase to

Received: March 16, 2020
Revised: August 24, 2020
Published: September 14, 2020

Articlepubs.acs.org/Macromolecules

© 2020 American Chemical Society
9983

https://dx.doi.org/10.1021/acs.macromol.0c00601
Macromolecules 2020, 53, 9983−9992

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

D
ow

nl
oa

de
d 

vi
a 

A
A

LT
O

 U
N

IV
 o

n 
D

ec
em

be
r 3

, 2
02

0 
at

 0
8:

39
:4

7 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lahja+Martikainen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kia+Bertula"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matti+Turunen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olli+Ikkala"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.0c00601&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00601?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00601?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00601?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00601?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.0c00601?fig=abs1&ref=pdf
https://pubs.acs.org/toc/mamobx/53/22?ref=pdf
https://pubs.acs.org/toc/mamobx/53/22?ref=pdf
https://pubs.acs.org/toc/mamobx/53/22?ref=pdf
https://pubs.acs.org/toc/mamobx/53/22?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c00601?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


rigid phase involves also the change from bend-dominated
deformations to stretch-dominated deformations.22,24 The
bending deformations of the network segments are considered
nonaffine, while the stretching deformations are basically
affine.25 In principle, if a network is cross-linked and the fibrils
are semiflexible or the fibrils are stiff and the connectivity is
low, then the network will exhibit strain stiffening. When an
elastic incompressible material is sheared, as shown in Figure
1a, rotation generates a so-called hoop stress,26 leading the
material to expand in the z-direction.27 This expansion in the
positive z-direction is seen as positive normal force and
positive normal stress difference as the rheometer applies
compressive normal force to the sample to keep the gap size
constant. By contrast, at least three different mechanisms have
been suggested to render the negative normal force where the
gel shrinks in the z-direction upon shearing, i.e., elastic
nonlinearities of the fibrils,1,28 geometrical nonlinearities,28 and
fluid redistribution with respect to the network.26,29,30 Yet,
they are not independent, and often, these mechanisms are
connected to nonaffine deformation.28,31

Janmey et al. suggested that the negative normal stress
difference is a result of nonlinear force extension of the
individual fibrils.1 When a material is sheared, some of the
fibrils are stretched and the others are compressed. If the fibrils
completely obey Hooke’s law and the deformation is affine,
then such contributions would cancel each other to linear
order in small strain. However, often the extension of the fibrils
is energetically more costly compared with compression. If
fibrils are softer for compression, then the stretched fibrils will
overcompensate and the overall change in the z-direction is
compression, which is seen as a negative normal force and
stress. Cioroianu and Storm got similar results, but they also
showed that the geometric nonlinearities start to have a large
effect on the normal stress difference when the persistence
length approaches the length scale of the mesh size.28 Meng
and Terentjev concluded as well that the shearing will change

the radius of the cylindrical gel sample and there will be
negative normal force if the filaments are stiff or semiflexible.32

Solids, fluids, and gels are often modeled as incompressible
materials. Hydrogels are polymer networks that contain a high
amount of water. If a part of water is only loosely coupled to
the network, then it can run through and the network may
contract radially inward during the shear (Figure 1a).
Therefore, the network itself is not completely incompressible.
The gel contraction is seen as a decrease in normal force when
shear strain or stress is increased (Figure 1b and Figure S1).
The pore size of agarose gels is so large that, in principle, the
water can move with respect to the network (Figure 1c,d,e and
Figure S2). Supported by a phenomenological two-component
model, de Cagny et al. showed experimentally that the fluid
embedded in a hydrogel can move in relation to the network if
the pore size of the network is large enough.26 This will
balance the pressure difference caused by the hoop stress,
resulting in the fact that only the negative contribution from
σzz is measured by the cone and plate geometry.26 The effect
depends strongly on the timescale of the experiment: if the
frequency is slow enough, then the fluid has time to move with
respect to the network. Polyacrylamide gel typically shows a
positive normal stress difference; however, a negative normal
stress difference is seen if there is enough time to relax the
normal stresses with fluid movement. On the contrary, fibrin
gels can show an increasing normal force, instead of
decreasing, as a function of shear stress if the deformation is
done fast enough and the fluid remains viscously coupled.26

Similarly, Yamamoto et al. concluded based on their free
energy calculations that the fluid redistribution with respect to
the network will result in a negative normal force.29,30

Previously, we showed with amplitude strain sweeps that a
linear polysaccharide agarose forms strain stiffening gels both
in pure water and in phosphate-buffered saline (PBS)
solution.4 The rheological analysis together with microscopy
hinted that agarose networks can be considered as athermal

Figure 1. (a) Illustrative figure showing parallel plate geometry with a viscoelastic hydrogel and the inward contraction (violet arrows at the outer
rim) of the network upon an oscillatory shear. Fz in the right shows the present sign convention for the normal force and the arrow drawn on the
upper plate illustrates the negative normal force exposed by the gel on the rheometer plates due to the sample shrinkage in the z-direction upon
shearing. This force is compensated by the rheometer to keep the gap size constant. (b) Relationship of the normal force to the shear strain and
stress for 5 mg/mL agarose gel. Note that the oscillation is imposed around a positive offset baseline. (c) Chemical structure presenting the repeat
units of agarose. (d) Scanning electron microscopy image of a 10 mg/mL agarose gel. (e) Atomic force microscopy phase image of 5 mg/mL gel.
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networks with an onset of strain stiffening dictated by the
connectivity of the network. Even though the slippage of the
samples was minimized with in situ gelation and cross-hatched
parallel plate geometry, especially the stiffer samples with
higher concentration still seemed to be prone to slipping
during the amplitude strain sweeps, which made the further
analysis untrusworthy.4 Early slipping of the sample in the
rheometer geometry will make the sample look like softening
and the onset of stiffening cannot be defined; also, the normal
force signal gets easily messy. There is another problem with
the amplitude sweeps with constant frequency as the strain rate
increases after each cycle. The strain rate has an effect as the
gels are, in principle, viscoelastic, having strong time
dependency on mechanical properties.33 The increasing strain
rate may change the strain stiffening response remarkably.33

Using the pre-strain protocol, the problem can be avoided due
to the strain rate remaining constant during the each step.
Here, we mainly use the pre-strain protocol instead of the

traditional strain amplitude sweep to further minimize the
slippage of agarose hydrogels and to avoid the changing strain
rate. We expect this to allow more reliable studies of the scaling
of the differential modulus K with shear stress within the
stiffening region and the strain at the onset of stiffening as a
function of concentration. We also show, for the first time, that
agarose gels contract when sheared and it is seen as negative
normal force and apparent negative normal stress difference
(Figure 1b). These, together with our previous study, give
further insight into the entropic and enthalpic contributions as
well the nonaffine deformation of the agarose hydrogel
network.

2. MATERIALS AND METHODS
2.1. Materials. UltraPure Low Melting Point Agarose (lot:

000520356) was purchased from Invitrogen. Molecular weight
(number average molar mass Mn ≈ 109,000 g/mol, weight average
molar mass Mw ≈ 139,000 g/mol, and polydispersity index (PDI) =
1.28) was earlier determined for this batch by size-exclusion
chromatography (SEC).4 Ultrapure Milli-Q water (18 mΩ) was
used in all experiments.
2.2. Preparation of Agarose Hydrogels. Four different

concentrations of agarose hydrogels were used, i.e., 2.5, 5.1, 7.5,
and 10.1 mg/mL. Agarose powder was first dispersed in Milli-Q water
at room temperature, followed by heating to 80 °C until agarose was
completely dissolved. Hot solutions were then allowed to cool down
to room temperature to form a gel.
2.3. Oscillatory Rheology. Anton Paar MCR 302 equipped with

RheoCompass software and Peltier plate and hood was used for the
rheological measurements. We recently showed that the in situ sample
preparation method with cross-hatched parallel plate geometry
suppressed the effect of agarose wall slip.4 Therefore, we used such
an in situ sample preparation method here as well. The hot sol was
placed in prewarmed 65 °C cross-hatched parallel plate geometry. In
the beginning of the measurements, the temperature was decreased to
20 °C, letting the sample form a gel in situ during the measurements.
To ensure the humid environment and avoid drying artifacts, water
droplets were pipetted next to the parallel plate system and the Peltier
hood was placed on top to seal the measurement system.
The gelling of the sample was followed by oscillation time sweep

with a small amplitude of 1% and frequency of 1 rad/s for 60 min.
After the first 10 min, the normal force was set to a constant value, 0
N, by allowing the size of the gap to change. This will make sure that
the contact between the plates and the gel stays good because the
sample contracts slightly upon gelation. If the normal force is kept
constant already in the beginning of the gelation process, then the gap
size will first get larger as there is a small positive normal force due to
the start of the gelling. Such a behavior, where the volume first

increases, has been reported for the gelation of hyaluronic acid.8 After
the gelation, a frequency sweep was performed with an oscillatory
shear strain of 1% and angular frequency ranging from 300 to 0.1 rad/
s (Figure S3). The plateau modulus G0 was defined as the average
storage modulus from the frequency sweeps between 0.16 and 4.33
rad/s. The last step was to investigate either the strain stiffening of the
gel or the effect of frequency to the normal stress difference response.

The strain stiffening was studied either by the traditional strain
amplitude sweep with an oscillation frequency of 1 rad/s and strain
ranging from 0.01 to 200% or alternatively using a pre-strain protocol
explained as follows. In the pre-strain protocol, a sinusoidal shear
strain is applied by using the sine wave generator of RheoCompass
software. The sine wave generator is a part of a built-in project
template in RheoCompass software, which allows the real-time
recording of all the parameters during the cycles. The amplitude of
the sine wave used was 1% and the offset of the wave ranged from 0 to
23%. The angular frequencies were 1 rad/s for the 2.5 and 5.1 mg/mL
gels, 10 rad/s for the 7.5 mg/mL gels, and 1 and 10 rad/s for the 10
mg/mL gels. Sixteen oscillation cycles with 32 data points/cycle were
recorded for each offset strain. One measurement took about 100 s.
Every other measurement was with 0% offset to let the gel rest. Each
test was repeated five to eight times on each concentration.
Sometimes, despite all the efforts, the gel slipped at earlier strain as
agarose gels release water with time (syneresis). Those measurements
were left out from the analysis. All the pre-strain results are reported
as an average of four to six measurements with 95% confidence
interval, unless otherwise stated.

The effect of the frequency on the normal stress difference signal
was studied with the sine wave generator as well. In three different
steps, each step with a larger frequency than the last one, a sine
waveform strain was applied to the sample. They were applied to 5.2
mg/mL agarose gel with 20% strain amplitude: 8 oscillation cycles
(128 data points/cycle) with the frequency of 0.1 rad/s, 16 oscillation
cycles (64 data points/cycle) with the frequency of 1 rad/s, and 16
oscillation cycles (64 data points/cycle) with the frequency of 10 rad/
s. The data were averaged over the measured oscillation cycles.

2.4. Analysis of the Rheological Data. Matlab R2019b was
used for further data analysis. For the pre-strain and strain amplitude
sweep measurements, the differential modulus K = dσ/dγ is
calculated, where σ is the shear stress and γ is the shear strain. The
amplitude sweep measurements were treated similarly as previously
reported.4 To obtain the differential modulus from the pre-strain
protocol, the raw data needed smoothing, which was done by the
means of different numerical tools in Matlab. The shear strain data
were smoothed by fitting a sine wave on the data, whereas the shear
stress data were first smoothed slightly with a moving average and
then with a Savitzky−Golay filter. As the calculation involves division
of two differences, there could be a situation where division by a very
small number is done. To overcome this, the parts of the data where
the sine wave is at maximum were left out of the calculation. After
these steps, the differential modulus was calculated. The differential
modulus was then plotted logarithmically as a function of the strain
and stress amplitude and a line was fitted on the part that seemed to
be the region of exponential growth.

After this, the means of the differential modulus at their respective
strain values for each concentration were calculated. Confidence
intervals of 95% were calculated based on the t-distribution for each
point. These were then again plotted on a logarithmic scale to see a
possible region of strain stiffening. An exponential fit was done within
this region both with and without taking the error boundaries as a
weighing factor. This same procedure was done on the normal force
data.

To obtain stress, σc, and strain, γc, at the onset of stiffening, the
same procedure was used as previously reported.4 In summary, power
laws were fitted to the strain stiffening part as well as for the linear
viscoelastic region (LVR). Their cross-section point was used as σc,
and γc was determined as a point where the K had increased 10% from
the average value at the LVR region.

2.5. Scanning Electron Microscopy (SEM). Scanning electron
microscopy (SEM) imaging was performed with a Zeiss Sigma VP
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scanning electron microscope with an acceleration voltage of 1.5 kV.
Earlier, we prepared agarose aerogels by freezing the hydrogels in
liquid propane followed by lyophilization in a freeze dryer. Here, we
used critical point drying to suppress the fibril aggregation, as
discussed previously by Korhonen et al.34 First, water of the hydrogel
was replaced by ethanol, which is miscible with CO2, via solvent
exchange. Hydrogels were immersed in ethanol, which was changed
three times for 30 min followed by overnight incubation. Samples
were dried using a Bal-Tec CPD-030 and carbon dioxide as a drying
agent. The sample was immersed in the ethanol-filled chamber and
cooled down to 10 °C, which is below the liquidification point of
CO2. The chamber was flushed quickly three times followed by five
times 5 min flushing with CO2 while keeping the sample immersed in
the liquid. Finally, the chamber was heated to 40 °C to transform CO2
to supercritical fluid and the fluid was slowly streamed out from the
chamber. Prior to the imaging, aerogel samples were coated with 10
nm iridium coating using a Leica EM ACE600 high vacuum sputter
coater.
2.6. Analysis of the Fibril Diameter and Connectivity. The

diameters of the fibrils and the connectivity were analyzed from the
SEM images. ImageJ software with DiameterJ plugin was used to
measure the fibril diameters.35 Original SEM images were segmented
to a binary image (only black and white pixels) by Default threshold.
After that, DiameterJ plugin was used to calculate diameters of the
fibrils: histogram mean values with the standard deviations were
collected. The fibril diameters were obtained from two different SEM
images with different magnifications for all the concentrations.
Connectivities were obtained manually from the SEM images and
labeled in Adobe Illustrator software.
2.7. Atomic Force Microscopy (AFM). Atomic force microscopy

(AFM) imaging was performed on a Veeco Dimension 5000 scanning
probe microscope equipped with a Nanoscope V controller (Veeco,
Inc., Santa Barbara, CA, USA) and HQ:NSC14/Al BS tips (r = 8 nm,
Micromasch). Warm agarose water solution was dropcast on a
plasma-treated (Gatan Solarus, model 950 plasma cleaner) silicon
wafer. The excess sample was removed by washing the silicon wafer
with water. The samples were gently blotted from the edge of the
silicon wafer and allowed to dry before scanning by tapping mode.
Gwyddion software was used for noise removal and further image
analysis.

3. THEORETICAL BASIS
3.1. Normal Stress Difference. Taking the cylindrical

coordinates of Figure 1a, the first normal stress difference N1
and second normal stress difference N2 are defined as follows

N1 zzσ σ= −θθ (1)

N2 zz rrσ σ= − (2)

In parallel plate geometry, the normal stress difference N can
be approximated based on neo-Hookean rubber18

N N N
F
R
4 z

1 2 2π
= − =

(3)

Here, we call N as the apparent normal stress difference since
eq 3 actually assumes incompressibility and can be violated for
hydrogels, which may become compressible.36

3.2. Entropic vs Enthalpic Deformation. The network
models can be divided into thermal (entropic) and athermal
(enthalpic), depending on how the undulations are considered.
In both network models, the fibrils may be undulated;
however, in thermal networks, the fibril undulations are
sustained through thermal forces.37 The completely coiled
fibrils, i.e., Gaussian chains, will respond to force extension-like
thermal springs, which have an entropic modulus proportional
to the temperature.38 Traditionally synthetic, permanently
cross-linked chemical polymer gels are considered as thermal

entropic spring networks, whereas more stiff fibrils are often
considered as athermal with finite bending rigidity.
Sooner than trying to provide exact models, here, we just

shortly rationalize in which length scales the entropic
component of the rod-like fibrils is expected to play a
significant role; for more details, see elsewhere.2,37,39,40

Here, the semiflexible fibril is nearly rod-like to the extent
that we can roughly apply the classical beam model. The
entropic response of semiflexible fibril comes from the thermal
bending fluctuations. In contrast to the flexible polymers, the
entropic stretch modulus of a semiflexible polymer is inversely
proportional to the temperature.41,42 The role of thermal
energy in fibril mechanics can be estimated by comparing the
length of a fibril with its persistence length lp, which defines the
contour length of a fibril at which significant bending
fluctuation appears

l
k Tp
b

κ=
(4)

where κ is the bending stiffness of the fibril, kb is the
Boltzmann constant, and T is the temperature. Fibrils are
defined as semiflexible if the lp of the fibril is around the same
length scale as the fibril contour length.
To inspect whether the entropic contribution needs to take

into account with semiflexible fibrils, the effective entropic and
enthalpic spring constants of the beam can be compared. The
effective entropic spring constant based on the review by
Broedersz and MacKintosh2 is

K l L(90 )/( )entropic p
4κ= (5)

where L is the length of fibril and κ is the bending modulus,
which for an elastic rod, is expressed as κ = EI, where E is
Young’s modulus, and I is the moment of inertia for a
cylindrical cross section (πR4)/4, where R is the radius. The
universal scaling K ∝ σ3/2 observed, for example, in actin,
neurofilaments, and polyisocyanopeptide hydrogels,2 is a result
of entropic stretching of the biopolymers, which indicates
stretching based on the thermal undulations of the fibrils.
On the other hand, the effective spring constant for

stretching of an elastic beam is

K EA L( )/enthalpic = (6)

where A = πR2 is the cross-sectional area for a cylindrical rod.
EA is sometimes called as the stretching modulus μ. Kenthalpic
comes directly from Hooke’s law. This enthalpic stretching is
purely mechanical.
Now, we have two effective spring constants for stretching

K E R l L(90 )/(4 )entropic
4
p

4π= (7)

K E R L( )/enthalpic
2π= (8)

We assume that the fibril will respond primarily according to
the softer effective spring constant and, therefore, the response
will be entropic (thermal) only if

K Kentropic enthalpic< (9)

i.e.,

R l L(45/2) 2
p

3< (10)
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If the fibril is semiflexible (lp/L ≈ 1), then Kentropic will be the
softer effective spring constant if the L is approximately at least
five times longer than R.

4. RESULTS AND DISCUSSION
4.1. Strain Amplitude Sweep vs the Pre-strain

Protocol. In this study, we mostly use the pre-strain protocol,
similar to the pre-stress protocol33,43 (Figure 2a and Figure
S4), instead of the strain amplitude sweep (Figure 2b). In the
dynamic amplitude sweeps, the oscillation is performed with a
constant frequency (here, 1 rad/s) and the amplitude of the
cycles is increased with time. In practice, multiple oscillation
cycles are first made and after reaching a constant level, one
cycle or averages of a few last cycles are recorded (Figure 2b).
If the amplitude increases when the frequency is kept constant,
then the maximum strain rate must increase. The rate of
deformation will affect how the material will perform
mechanically. By contrast, with the pre-strain protocol, the
change in the strain rate can be avoided. The idea is to keep
the oscillation amplitude and frequency constant but just add a
constant offset strain level (Figure 2a), which pushes the
sample to the nonlinear regime. Here, as well, the
viscoelasticity of the material results in some changes, although
we always return to zero strain after each pre-strain step so that
the sample can relax from the offset strain.
In principle, one can extract the same information from the

data obtained by either way. The strain amplitude sweeps are
suitable for soft gels with low concentrations, which do not slip
easily. With the pre-strain protocol, the effect of slipping can be
diminished as the measurement setup tries to keep the offset
strain stable and the oscillation amplitude is small throughout
the measurement. This allows us to measure higher-
concentration agarose gels more reliably than previously
reported.4

First, to compare pre-strain and amplitude sweep protocols,
we analyzed strain stiffening and Lissajous figures with both
methods. Figure 3 illustrates both cases: 5.1 mg/mL agarose
hydrogels were used to illustrate the pre-strain protocol as it
allows studies of medium to high concentrations without
slippage and 2.5 mg/mL agarose hydrogels for strain amplitude
sweeps as it is limited to low concentrations due to more
pronounced slippage. Strain stiffening of the agarose gels is
clearly visible regardless of the protocol. In Figure 3a,b, the
differential modulus K and normal stress difference are
presented as a function of the shear stress. In both graphs,
the normal stress difference decreases substantially and the
stiffness increases almost one order of magnitude as a function

of stress. In Figure 3c,d, the Lissajous figures of selected
oscillation cycles are shown. With the pre-strain protocol, the
strain amplitude is sufficiently small (0.5%), whereupon the
shear stress vs strain curves seem to be completely linearly
elastic (seen as straight lines in Figure 3c). Therein, the strain
stiffening is not observed within a single oscillation cycle due
to the small oscillation amplitude, whereas it is observed
between different oscillation cycles as an increasing shear stress
vs strain slope. The oscillation cycles involving the large strain
amplitude sweeps show first a linear elastic behavior (up to the
strain amplitude of ca. 5%), but nonlinear behavior is observed
approaching a strain amplitude of 10%. Strain stiffening is
identified within the individual cycles, evidenced as an upward
bending of the cycles, typical for strain stiffening materials.44

Figure 2. Difference between the pre-strain protocol and strain amplitude sweep. (a) In the pre-strain protocol, the oscillation amplitude is kept
constant, while the offset strain is raised. After every step, the offset strain is returned to the zero offset. (b) During the amplitude sweep, the strain
amplitude is increased, which also results in the increase in the strain rate.

Figure 3. Difference between (a, c) the pre-strain protocol of 5.1 mg/
mL agarose hydrogel and (b, d) strain amplitude sweep of 2.5 mg/mL
agarose hydrogel. (a, b) K and normal stress differences as a function
of the shear stress. The black filled dots correspond to K and the
orange unfilled dots correspond to the apparent normal stress
difference. (c) Nontypical Lissajous figures based on the pre-strain
protocol. Instead of an upward bending curve, they show elastic
straight lines, which is a result of the small strain amplitude of only
0.5%. However, the stiffening is seen as an increase of the slopes
between the different cycles. (d) Lissajous figures for the strain
sweeps showing typical stiffening behaviors at large strain amplitudes
within the individual cycles.
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4.2. Strain Stiffening. To investigate the strain stiffening
of the agarose hydrogels in more detail, we used four different
concentrations in water, i.e., 2.5, 5.1, 7.5, and 10.1 mg/mL, and
measured the strain stiffening effect with the pre-strain
protocol. In Figure 4a, the differential modulus is plotted

against the shear stress and a power law is fitted at the
stiffening region. K as a function of σ normalized by their
values at the linear viscoelastic region, KLVR and σLVR, collapses
to a single master curve for different concentrations based on
the pre-strain protocol (Figure 4b, inset). The stiffening region
follows power law K ∝ σ1, analogous to collagen.45 Previously,
we showed that the strain stiffening area of agarose was shear
stress-controlled and it followed roughly power law K ∝ σ0.8.4

Therefore, it indicates that in our previous results, the lower
scaling is a result of still some residual slipping despite the
extensive efforts posed therein, as we expected for the strain
sweeps. Typically, entropic stretching of the semiflexible
fibrillar networks results in power law K ∝ σ3/2.2,43 Here, the
scaling exponent is clearly lower, which suggests that the
agarose network does not behave simply like the affine
entropic network. Similar scaling of K with power law of
approximately 1, which reduces to 1/2 either when strain is
increased or if the stiffness of filaments or connectivity of the
network is increased, has been shown for nonaffine athermal
networks.2,46,47

Although similar universal exponent is not recognized for
athermal networks,46,48 the deviation from 3/2 scaling is not

enough to test whether a network is thermal or athermal. Also,
athermal networks might show an initial stiffening regime with
3/2 scaling.32,46,47 Therefore, simultaneous detection of the
normal stress has been suggested to distinguish the difference
between thermal and athermal networks.1,32,49,50 In Section
4.3, we will present the detected negative normal forces in
agarose hydrogels.
We also previously pointed out that the stress at the onset of

stiffening and the plateau modulus has strong scaling with
concentration (power law higher than 2).4 Both follow roughly
the same power law as a function of concentration, i.e.,
approximately c3±1. Here, the power law is just slightly stronger
(around 3.35) but appropriately at the same level (Figure 4b).
Similar scaling has been reported also by others.51 Also,
another polysaccharide gel, i.e., hyaluronic acid, shows strong
scaling (c5.7).8 The strong scaling might be a result from
dangling or free ends, which do not participate in the elasticity
of the network: at low concentrations, i.e., closer to the
percolation threshold, the fraction of the free ends is higher
compared with higher concentrations, which would reduce the
stiffness of the gel to a lower level than it would be expected
based on the concentration alone.
The strong scaling with concentration hints that the

connectivity (cross-linking) might increase with concentra-
tion.52,53 The connectivity can be estimated from the SEM
images, although it is challenging due to overlapping fibrils and
network structures. Earlier, we analyze the connectivity from
the SEM images obtained from the samples prepared by liquid
propane freeze drying.4 Now, we prepared the samples for
SEM using critical point drying to compare the results (Figures
S2 and S5). Similar than earlier, we show that the connectivity
is mostly z ≈ 3 but rarely z ≈ 4 and independent of the
concentration. Still, we can conclude that the estimated
connectivity is below the central force isostatic point
(CFIP), z < 6. Interestingly, we noticed that critical point
drying resulted in a slightly different network structure
compared to liquid propane freeze drying. Fibrils seemed to
be more merged together in the samples prepared by liquid
propane freeze drying than in the samples prepared by critical
point drying. Also, the liquid propane freeze drying affected to
the network structure via the ice crystal formation, resulting in
the ice crystal-shaped pores, which were not present in the
samples from the critical point drying. To conclude, we
showed that critical point drying is a more preferable sample
preparation method than liquid propane freeze drying for the
agarose hydrogels.
The differential modulus is also inspected as a function of

the strain (Figure 5a,b). The stiffening of agarose gels seems to
start almost at the same strain values for all concentrations.
This suggests that the agarose hydrogels behave as subisostatic
athermal networks, where the connectivity controls the strain
at the onset of stiffening.23,53 Athermal lattice-based 2D,
lattice-based 3D, and 2D Mikado models show that if the fibril
rigidity is high enough, then the strain at onset of stiffening will
saturate to the same value of 1, independent of the model,
connectivity, or fibril rigidity.46 Also, when the fibril rigidity
approaches the so-called rope-like limit, where the network is
bend-dominated, the onset strain for stiffening is independent
of concentration and is dictated by the connectivity.46

4.3. Apparent Normal Stress Difference. Our previous
article raised up the question whether the agarose gels show
also negative normal force when sheared.4 The negative
normal force means that the gel is pulling the rheometer plates

Figure 4. Differential modulus, stress at the onset of stiffening, and
plateau modulus with pre-strain protocol for agarose gels. (a) K as a
function of σ where the fitted power laws for the stiffening region are
indicated in red. The dashed red lines show an example of defining
the stress at the onset of stiffening, σc, from the K vs stress data. (b)
Scaling of the σc and plateau modulus (the average storage modulus
from the frequency sweeps) as a function of concentration. The inset
shows the normalized K vs σ for each concentration, scaled by the
corresponding values in the linear viscoelastic region (LVR). The
slope 1.00 is indicated.
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together upon shearing. First, it should be noticed that the
normal force gets negative already during the agarose gelation.
Therefore, in Figure 6a, the normal force values are negative
throughout the whole strain range. Hyaluronic acid8 and
agar,7,54 which is a combination of agarose and agaropectin,
show similar behavior during gelation. Second, the normal
force becomes more negative when the strain increases; i.e., the
shear strain increases the gel contraction even more. This is
exactly opposite compared with the classic cases presented by
Poynting and Weissenberg.27,55 Third, the absolute value of
normal force is clearly larger for the higher-concentration gels.
This could be also the result of internal stresses during the
gelation.
To study the normal stress difference of the agarose

hydrogels, we used four different concentrations in water,
i.e., 2.5, 5.1, 7.5, and 10.1 mg/mL, and measured the effect
with the pre-strain protocol. Figure 6b shows the ratio between
the apparent normal stress difference N and shear stress σ,
indicating that |N| > |σ| for most concentrations and strain
values. Also, this observation supports the athermal network
behavior.31,49,50 In particular, the appearance of the |N/σ|
overshoot has been suggested to provide experimental test to
distinguish athermal effects of stiff fibrils from the thermal
effects of flexible fibrils in the network.49,50 It has been
concluded that the peak reflects a transition from bending-
dominated regime to stretching-dominated regime, which is
also typical for the athermal network.31 In a purely thermal
model, the magnitude of the normal stress does not exceed the
shear stress.1 Therefore, the overshoot with low concen-

trations, seen in Figure 6b, further confirms that the agarose
fibrils are rather stiff fibrils as a part of the network.
To study whether the frequency of the deformation could

change the direction of the apparent normal stress difference,
we followed the method introduced by de Cagny et al.26 In
three different steps, each step with a larger frequency than the
last one, a sine wave form strain was applied to the sample.
Three sine wave signals with different frequencies were applied
to the 5.2 mg/mL agarose hydrogel. Figure 7a−c shows the
apparent normal stress difference as a function of the shear
stress, where at 0.1 and 1.0 rad/s, the curves form parabolas
opening downward, which mean that the apparent normal
stress difference changes in the even powers of shear stress. At
a higher frequency of 10 rad/s, the data start to be a bit noisy;
however, a clear “butterfly wing” shape is observed at the upper
panel, as shown previously for the fibrin gel.26,36 If the
frequency is further increased, then a parabola opening upward
should be a result.26 However, the data got too noisy at the
higher frequencies and the upward-opened parabola could not
reliably be resolved.
Figure 7d−f shows the oscillation of shear stress, shear

strain, and the apparent normal stress difference as a function
of time. The apparent normal stress difference becomes
minimum at the peaks of strain amplitudes and maximum at
zero strain. At low frequencies, the stress and strain curves are
almost perfectly in the same phase, but at 10 rad/s, there
appears to be a small phase shift between them. As the
apparent normal stress difference continues to follow the
strain, we get the butterfly wing shape (Figure 7c). Based on
the recent studies,26,36 this would mean that water can flow
through the agarose gels easily and relax the pressure difference
caused by the hoop stress. As the change from downward-
opening parabola to the butterfly wing shape takes place

Figure 5. Differential modulus and strain at the onset of stiffening
with pre-strain protocol for agarose hydrogels. (a) K as a function of
the strain. The dashed red lines show an example of defining the strain
at the onset of stiffening, γc, from the K vs strain data. The solid lines
are guidelines for the eyes to clarify the shape of the data. (b)
Normalized K vs strain shows that the behavior in the strain stiffening
region does not fall into a single master curve as a function of
concentration. However, the inset shows that the γc stays
approximately constant as a function of concentration.

Figure 6. Normal force and normal stress difference with pre-strain
protocol for agarose gels. (a) Normal force Fz as a function of the
shear strain. (b) Absolute value of the ratio between apparent normal
stress difference N and shear stress σ as a function of the shear strain.
The lines are just to guide the eyes.
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between 1 and 10 rad/s frequencies, the relaxation time for the
5.2 mg/mL agarose gel is in the range of 0.6−6 s.
In agarose hydrogels, there seems to be a large fraction of

water that can move quite freely. Kaneda and Iwasaki showed
that compression of agarose hydrogel makes the volume
decrease, which was a result of water squeezing out from the
gel.56 Also, for agar organogels, the amount of free, partially
structured and fully structured water has been resolved.57 In
agar hydrogels, the fraction of free water was the highest. The
syneresis of agar and agarose hydrogels is also related to the
polymer−solvent interaction,58,59 which is believed to be an
interplay between the network relaxation and solvent motion.59

All these findings suggest that there might be less polymer−
solvent friction than in the traditional synthetic thermal
network.
The apparent normal stress does not depend on the

direction of the shearing. When the shear oscillation is
performed only in the positive (or negative) strain side, the
normal force will stay all the time at the same negative side
with 180° phase difference (Figure 1b). If the oscillation is
performed around the zero strain, then the normal force and
apparent normal stress difference will stay at the negative side
at all times so that it has its maximum absolute value at the
peak of strain and minimum absolute value at zero strain or
stress point (Figure 7d).
Note that in the rheological experiments, it is possible to

observe both positive and negative normal forces just by
overfilling or underfilling the gap between the plates, which can
be easily tested with water.60 Therefore, the contact angle and
surface tension are enough to change the normal force. Also,
sample evaporation during the measurement will lead to an
apparent negative normal force. In this study, we took special
care of the fact that the gap was not underfilled; sometimes, it
was just slightly overfilled in the beginning, showing a small
positive normal force before gelation. The evaporation of the
sample was also prevented by adding droplets of water
underneath the Peltier hood.
4.4. Mesh Size vs Persistence Length. We measure the

diameters of the fibrils for all the concentrations using ImageJ
software (Figures S6 and S7 and Table S1). The fibril diameter
was independent of the concentration being 14.1−16.8 nm,

including the thin SEM metal coating. Metal coating was not
reduced from the values due to the fact that the coating might
not be even in each location. This is in line with the previous
results, where we showed that the agarose fibril diameter is
approximately 10 nm.4 We also showed before that agarose
fibrils have the persistence length of 1300 ± 500 nm and
contour length of 600 ± 300 nm.4 As suggested by eq 10, the
mechanical response will be more likely to be enthalpic if the
mesh size is smaller than 75−100 nm and entropic if the mesh
size is much larger. The SEM and AFM micrographs (Figures
S2 and Figure S8) suggest that the agarose networks have
dense and sparse regions, which are the result of gelation
kinetics at the used concentration range.61,62 The dense parts
show mesh sizes in the range of tens of nanometers. This
suggests that at fibril-rich areas, the mechanical response of the
agarose network would be mostly enthalpic. Still, one cannot
exclude entropic response in fibril-sparse regions.

5. CONCLUSIONS

We investigated strain stiffening and negative normal force in
agarose hydrogels using pre-strain and strain amplitude sweep
protocols where the slip was suppressed by in situ gelation in
the cross-hatched parallel plate rheometer geometry. Our main
findings suggest that the agarose hydrogels can be described as
subisostatic athermal networks. First, K ∝ σ1 at the strain
stiffening region. Second, the strain at the onset of stiffening is
almost constant throughout the concentration range. Third, a
clear overshoot of the ratio between apparent normal stress
difference and shear stress is observed, which reflects the
change from bending-dominated mechanical response to
stretching-dominated mechanical response. Last, the simple
size comparison of the mesh size and persistence length by
means of entropic and enthalpic spring constants suggests that
the athermal response determines the mechanical behavior of
agarose hydrogels. Here, we showed that the agarose hydrogels
contract upon shear deformation due to the relatively large
mesh size, which allows fast diffusion of water with respect to
the network. The negative normal force and strain stiffening
might arise from the nonaffine deformations and elastic
nonlinearities of the fibrils as the agarose fibrils appear to be

Figure 7. Effect of the frequency on the normal stress difference signal for 5.2 mg/mL agarose gels. (a−c) Apparent normal stress differences N as a
function of shear stress for different frequencies. (d−f) Normal stress differences, shear stresses, and shear strains as a function of time for different
frequencies. Note that at 0.1 and 1 rad/s, we show only every second point toward clearer images.
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rather stiff. In conclusion, we provide experimental data
supporting the idea that the individual agarose fibrils are
thermal, showing semiflexibility, yet the agarose hydrogel
network can be described by the subisostatic athermal model
as the pore size is small compared with the persistence length
of an individual fibril.
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