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Polyacrylamide (PAM) hydrogels are commonly used as substrates for cell mechanical
and mechanobiological studies because of their tunable stiffness and ease of handling.
The dependence of bulk rheological and local elastic properties (assessed by Atomic
Force Microscopy, or AFM) of PAM hydrogels on its composition and polymerization
temperature has been extensively studied. PAM hydrogels swell when immersed in
media, but the influence of swelling on local elastic properties is poorly characterized.
Direct measurements of the effect of swelling on PAM elastic properties are scarce.
We report here, for the first time, the direct measurements of volumetric swelling
and local elastic properties of PAM gels throughout the post-polymerization swelling
process until equilibrium. First, local and global elastic properties (measured by rheology),
were obtained during polymerization in the absence of swelling, and showed good
agreement with each other. Four PAM hydrogel compositions were characterized thus,
with corresponding storage shear moduli (as measured immediately after polymerization)
of 4,530 Pa (termed stiffest), 2,900 Pa (stiff), 538 Pa (soft), and 260 Pa (softest). Next, all
compositions were subjected to swelling in phosphate buffered saline. Swelling ratios
and local elastic moduli were measured at O, 3, 6, 9, 12, and 24 h post-polymerization
for the soft and softest compositions, and once daily till 6 days post-polymerization for
all four compositions. For the stiffest and stiff gels, swelling ratio, and local elastic
modulus changed negligibly with time, while for the soft and softest gels, substantial
changes between Day 0 and Day 1 were found for both swelling ratio (increased
by 21.6 and 133%, respectively), and local elastic modulus decreased (by 33.7
and 33.3%, respectively), substantially. Experimental data were analyzed by a model
that combined ideal elastomer mechanics and poroelastic swelling kinetics model.
Model predictions confirmed the validity of present measurements with respect to
past studies where swelling and elastic properties were not measured simultaneously.
The present study underlines the important effect swelling can have on PAM elastic
properties and provides detailed quantitative data to guide the duration taken to
reach equilibrium—a useful information for cell mechanics experiments. In addition, the
simultaneous measurements of swelling and local elastic moduli provide novel data for
the validation of theoretical models.
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INTRODUCTION

Hydrogels are soft, hydrated materials that can mimic the
properties of native tissues. They have gained considerable
interest for cell culturing and cell delivery, in particular for
the engineering of physiologically more relevant cellular
microenvironments, e.g., for regenerative medicine applications.
They have been used as deformable substrates in cell
mechanical and mechanobiological studies to evaluate the
role of extracellular matrix mechanical properties on cell fate.
They are an essential ingredient of Traction Force Microscopy
(TEM) procedures that aim at quantifying cellular forces from
measuring cell-induced deformations of hydrogel substrates
(Burton, 1998; Butler et al., 2002; Du Roure et al., 2005; Lin
et al., 2013; Schwarz and Soiné, 2015; Steinwachs et al., 2016).
These procedures, among others, require accurate data on the
mechanical (elastic) properties of the hydrogels. In this context,
polyacrylamide (PAM) hydrogels have been among the most
popular materials for 2D TFM studies and cell mechanical
studies in general. Their stiffness can be easily tuned by changing
the concentrations of the monomer acrylamide and cross-
linker, their transparent nature enables high-resolution live
cell imaging, and their surface can be easily functionalized
by covalently attaching a variety of adhesion ligands (Tse and
Engler, 2010; Caliari and Burdick, 2016). At the same time
care must be taken to control the mechanical behavior of PAM
substrates in order to improve the reproducibility of cell culture
experiments and accuracy of traction calculations.

A number of studies have focused on the effect of PAM
composition and polymerization temperature on the mechanical
properties of PAM hydrogels. Tse and Engler measured the
elastic (Young’s) modulus of PAM substrates by means of atomic
force microscopy (AFM) for a large range of acrylamide (3-
10% w/v) and NN’ methylene bis acrylamide (MBA) (0.03-
0.3% w/v) concentrations and reported values between 0.2 and
40 kPa that increase with increasing monomer and cross-
linker concentration (Tse and Engler, 2010). Calvet et al. (2004)
demonstrated by means of bulk shear rheology that for a given
composition, an optimal temperature of polymerization exists for
which the highest storage modulus is achieved. The pore sizes of
the PAM hydrogels have been reported to be of the order of 20—
200 nm and tend to decrease with increasing monomer and cross-
linker concentration (Stellwagen, 1998). While composition and
polymerization temperature affect the mechanical and structural
properties immediately after gelation, they may change over time
as a result of hydrogel swelling. Therefore, in order to avoid
confounding the interpretation of results, protocols require that
cell mechanics experiments are performed after equilibrium has
been attained.

A limited number of studies have measured the change in
elastic properties for PAM hydrogels attached to a rigid surface
and immersed in phosphate buffered saline (PBS). Denisin and
Pruitt (2016) measured elastic moduli by means of AFM for
various PAM hydrogel compositions (total polymer content
between 10 and 20% w/v) over a period of 10 days and reported
that stiffness fluctuates over time, with an increase up to 55% after
10 days for the lowest polymer content (10%). While stiffness was

measured every 2 days, swelling was only determined at the end
of the 10 day periods (Denisin and Pruitt, 2016). Damljanovi¢
et al. (2005) performed indentation measurements over a 20h
time period and reported PAM softening of about 25% for a 4.5%
acrylamide, 0.07% MBA hydrogel, however without performing
any swelling measurements. These studies provide estimates of
how long a duration needs to be waited out before equilibrium is
attained. Yet, due to the lack of transient swelling data in both
studies and the different time periods investigated, it remains
unclear how the elastic properties of PAM hydrogels depend on
the transient swelling ratio.

Theoretical models based on equilibrium thermodynamics
have been developed to predict equilibrium swelling of polymer
networks from free energy minimization, taking into account free
energy contributions from the mixing of the solvent with the
polymer network, from the elastic deformation of the polymer
network and (if present) from the mixing of ions with the solvent
(Brannon-Peppas and Peppas, 1991; Aalaie and Vasheghani-
Farahani, 2012; Li et al., 2012). Such models have been applied
to describe the relation between swelling ratio and osmotic
pressure for electrically neutral PAM hydrogel networks swollen
in water (Li et al., 2012) and to predict equilibrium swelling ratios
of electrically charged PAM hydrogels in electrolyte solutions
(Aalaie and Vasheghani-Farahani, 2012).

Swelling has been shown to increase the spatial heterogeneity
of polymer networks such as PAM, as shown by light scattering
(Johnson et al., 2004) and neutron scattering measurements
(Mendes et al., 1991). In addition, when soft PAM hydrogels are
attached to a rigid surface (as for cell culture applications) they
may exhibit non-uniform swelling which might lead to surface
creasing or buckling. This can lead to heterogeneity in surface
structural and elastic properties and also influence cell behavior
(Guvendiren and Burdick, 2010; Saha et al., 2010).

The main aim of the present study is to simultaneously
characterize PAM hydrogel swelling and changes in local
elastic properties during the transient swelling process post-
polymerization. This fills a knowledge gap in the literature
on PAM mechanical behavior that is potentially of interest
to researchers working at the interface of cell mechanics,
mechanobiology, and biomaterials. Thereby, the choice of length
scale of local elastic properties, of durations investigated and
of global elastic properties of the PAM hydrogels are driven
by considerations of TFM experiments. Specifically, local elastic
properties are measured using AFM at the surface of hydrogels
attached to a rigid glass surface. Swelling ratios and local
elastic moduli are obtained over relatively long (6 days, with
1 day interval) as well as short (24h, with 3h interval)
periods, covering TFM culture periods that can span from a
few hours to days (Plotnikov et al, 2014; Tang et al, 2014;
Schwarz and Soiné, 2015). PAM compositions investigated
possess post-polymerization bulk shear moduli under non-
swelling conditions between 260 and 4,530 Pa. These global
elastic properties are also in line with PAM hydrogels employed
in cell mechanics experiments (Tse and Engler, 2010; Caliari
and Burdick, 2016; Denisin and Pruitt, 2016). A theoretical
analysis is performed in order to qualitatively interpret the
above novel data and to compare these with past studies
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where swelling and elastic properties were investigated (but not
simultaneously). This analysis combines previously established
models of ideal elastomeric gels under free swelling conditions
(Damljanovi¢ et al.,, 2005) and poroelastic models of swelling
kinetics (Yoon et al., 2010). Lastly, although for studying the
effect of swelling on the elastic properties, the use of bulk
rheology (compared to AFM) is much less straightforward
(because of technical and practical challenges to perform
accurate bulk rheological measurements on hydrogels that
are swelling within the rheometer for extensive periods of
time), it is nevertheless an established technique for PAM
hydrogel mechanical characterization and is often performed
on PAM hydrogels. Moreover, AFM response is potentially
heterogeneous; hence to address this, bulk shear rheological
measurements were performed to characterize global elastic
properties, which were used to verify local elastic properties
during and after polymerization.

MATERIALS AND METHODS

Materials
All  chemicals
BioRad company.
PAM hydrogels were prepared (Tse and Engler, 2010) by
mixing acrylamide (A) and N'N’ methylene bis acrylamide
(MBA) at different concentrations (reported throughout as grams
of solute per 100 mL of mixture, %w/v) leading to four different
stiffness values (termed stiffest, stiff, soft, and softest; see Table 1)
(Tse and Engler, 2010). Polymerization was initiated by adding
12 pL of N,N,N,N-tetramethylethylene-diamine (TEMED) and
ammonium persulfate at 0.1% final concentration.

were purchased from Sigma-Aldrich or

In situ Bulk Shear Rheology

In situ bulk shear rheological measurements were performed for
the four PAM compositions prior to swelling (Day 0). Storage
(G’) and loss (G”) shear moduli were determined as functions of
polymerization time (time sweep), loading frequency (frequency
sweep) and shear strain amplitude (strain sweep). A Physica
MCR 501 parallel plate shear rheometer with temperature

control (Anton Paar GmbH, Graz, Austria) was used and all
hydrogel specimens were prepared in situ. Initially the set-up was
maintained at room temperature. Immediately after dispensing
a 350 pL drop of polymerized solution on the bottom plate, a
20 mm diameter top plate was lowered from an initial gap of
20mm to a final gap of 1 mm. After the top-plate reached the
final gap, heavy mineral oil was poured over the exposed surface
of the gel, and a solvent trap was placed over the entire set-up to
prevent evaporation. For time sweep measurements, oscillatory
loading was started immediately afterwards and continued for
1h at room temperature and for a (engineering) shear strain
amplitude of 1% and an angular frequency of 1rad s~!. For
strain sweep and frequency sweep measurements, the solution
was left undisturbed at room temperature for 1 h, after which the
temperature was increased to 37°C over a 50 s interval, and then
held constant at 37°C until the end of the measurement. Strain-
sweep measurements were performed at an angular frequency
of 1rad s~!, while the strain amplitude was increased from
0.01 to 100%. These tests demonstrated that the storage shear
modulus of all gels varied by <5% over the entire strain range
for all PAM compositions, thereby confirming linear elastic
behavior. Frequency sweep measurements were performed for
a strain amplitude of 1% and angular frequency was increased
from 0.1 to 100rad s~!'. For each measurement (time sweep,
strain sweep, frequency sweep), three specimens per composition
were tested.

Atomic Force Microscopy

AFM was employed to assess the effect of swelling on the
local elastic properties for the four PAM compositions at
different points of time during polymerization, and during post-
polymerization swelling. A JPK Nanowizard® III Bioscope-
AFM (JPK Instruments AG, Berlin, Germany) was employed
for all measurements, and for each time-point 3 specimens per
composition were measured.

AFM measurements were performed on Day 0 at different
polymerization times to enable comparison between local and
bulk rheological (time sweep) properties. Measurements were
performed at room temperature similar to time sweep bulk

TABLE 1 | Summary of global (in situ bulk shear rheology) and local (AFM) elastic properties obtained for four different gel compositions (A, acrylamide; MBA, N'N
methylene bis acrylamide; concentrations are expressed as grams of solute per 100 mL of mixture, %w/v).

Gel G’ + SD (Pa) E+SD (Pa) G +SD (Pa) Difference between CV (%) between CV (%) within CV (%) between  CV (%) within

composition (shear rheology) (AFM) (AFM) G’ (rheology) and G specimens specimens specimens specimens
(AFM) (%) E (AFM) atDay 0 E (AFM) at Day 0 E (AFM) at Day 6 E (AFM) at Day 6

Stiffest (A = 8%, 4,530 £ 150 13,000 + 780 4,333 £ 233 4.4 6 3.8 7 10

MBA = 0.4%)

Stiff (A = 8%, 2,900 + 90 7,930 +£ 436 2,543 + 188 12.3 5.5 9.2 9.3 71

MBA = 0.2%)

Soft (A = 5%, 538 + 14 1,970 + 225 576 + 66 6.6 7.3 10.1 17 15.1

MBA = 0.1%)

Softest (A = 8%, 260 + 83 620 + 35 220+ 13 15.4 5.6 6.1 18.1 14

MBA = 0.01%)

G’ + SD data were obtained by bulk rheology and E + SD by AFM. G was obtained by applying equation (3) with Poisson’s ratio v = 0.5 and the local elastic modulus E given by AFM.
Coefficients of variation (CV) are reported in between specimens (three per composition) and within specimen (spatial heterogeneity) for local elastic modulus E at Day O (control) and

Day 6, as determined by AFM.
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rheological measurements. Specimens were prepared by adhering
a 100 pL drop of the acrylamide mixture to a pretreated (3-
aminopropyltrimethoxysilane + glutaraldehyde) glass surface.
This avoided any gel movement while measuring. The gel was
flattened with a 12 mm diameter circular coverslip pretreated
with Sigmacote® (to avoid sticking; Sigma-Aldrich), leading to
a gel thickness of about 1 mm. At selected polymerization times
(3, 6, 10, 15, and 30min) gels were washed with deionized
water (thereby removing unpolymerized material and arresting
any further polymerization) and coverslips were removed prior
to measurement.

AFM measurements were performed as a function of swelling
time. Gels were prepared by adhering a 100 pwL drop of
the acrylamide mixture to a glass surface pretreated with 3-
aminopropyltrimethoxysilane and glutaraldehyde to avoid any
gel movement while measuring. Prepared gels were immersed
in PBS buffer at 37°C. Measurements were performed at Day
0 (control), Day 1, Day 2, Day 3, Day 4, Day 5, and Day 6.
Measurements were also performed at 3, 6, 9, 12, 15, and 24h
to assess the influence of swelling at shorter intervals for those
two compositions that exhibited substantial swelling for the 6 day
experiment (soft and softest gels).

Local elastic (Young’s) moduli were determined by acquiring
force-distance curves and analyzing them by means of a Hertz
contact model. All curves were recorded for an approach and
retract speed of 5pum s~! and a sampling frequency of 2-
4kHz. For each AFM measurement, the spring constant of the
cantilever was calibrated using thermal tuning method and it
was found to be in the range of 0.035-0.045 N/m. Probe tips
with a 6.1 jum diameter polystyrene sphere (sQube® colloidal
probe, CP-PNPL-PS-C-5, nominal spring constant = 0.08 N/m)
or pyramid geometry (budget sensors, SiNi-30, nominal spring
constant = 0.06 N/m) (half face angle = 35°) were used.
The obtained data were fitted by means of the JPK-SPM data
processing software that employs a Hertz contact model. For a
spherical geometry the relation between force F and indentation
3 is given by:

F=4R2E$/2/3(1 -?) (1)

with E = elastic modulus, R = tip radius, v = Poisson’s ratio. For
a pyramidal tip the following relation was used:

F = E tana 8%/(1 — v?) 21/2 2)

where o = half face angle. A Poisson’s ratio of 0.5 was assumed
for the calculation of E. The obtained elastic modulus values
were found to be independent of the choice of AFM probe tip
geometry [as was also previously found by Engler et al. (2004)]. In
order to assess spatial heterogeneity of the local elastic modulus,
several spatial elasticity maps were acquired for a given specimen,
with each map consisting of either 8 x 8 or 16 x 16 pixels
and with map size varying from 10 to 50 pm wide. We assume
the gels to be perfectly incompressible and linear elastic and
possessing negligible viscous behavior. Hence, G is taken to be
interchangeable with G'. Applying the relationship between G

and elastic modulus E for linear elastic material:
G=E/2(1+vV) (3)

implies that for Poisson’s ratio v = 0.5 (perfect incompressibility),
we have G = G = E/3.

Volumetric Swelling Ratio

In order to measure hydrogel volumetric swelling, PAM hydrogel
specimens were prepared in exactly the same way as for AFM
measurements as a function of swelling time. Specimens were
attached to a glass surface in order to mimic the conditions
during TFM (and AFM) experiments and substrate-attached
gels were allowed to swell in PBS at 37°C. Swelling ratios were
measured for long (up to 6 days; all gel compositions) and
short (up to 24 h; soft and softest gels only) periods at the same
time points as AFM measurements to enable direct comparison
between elastic modulus and swelling ratio. The wet weights
were measured for substrate-attached gels (i.e., including the
weight of the glass slide) as a function of time. At the end
of the swelling experiment substrate-attached specimens were
dried in an oven at 65°C until they were completely desiccated,
and the dry weight was measured (again, including the weight
of the glass slide). Finally, the desiccated gels were rehydrated
and removed from the glass slide. The weight of the glass slide
was measured and subtracted from the weights that included
the glass slide, in order to obtain the specimen wet (Myet)
and dry (Mgyy) weights. The volumetric swelling ratio 1) (with
superscript (c) referring to constrained, i.e., substrate-attached,
swelling) was calculated as J©) = Vwet/Vary = 1 + (ppam/PPBS)
(Myet = Myry)/Mgry where ppaym = 1.443 g/cm?® and ppps = 1.010
g/cm?® were taken to be the mass densities of the polymer and the
solvent, respectively. For each time point, three specimens per
composition were measured.

In addition to the above swelling experiments, gels with
identical concentration as above were prepared, except that the
total volume of the pre-polymerization constituents was modified
to yield polymerized gels of typical height 150 um and diameter
12 mm. Polymerization occurred at room temperature, following
which gels were allowed to swell unconstrained (also called free
swelling) in PBS at 37°C. Gel swelling ratios ] ~the superscript
(u) refers to unconstrained—were measured at different time
points as described above. Once swelling equilibrium was

established, the equilibrium swelling ratios ]Sé) were noted and
average and SD values were computed for each composition (3
gel specimens per composition). Note that ]2‘31) depends on the
attachment condition (constrained or unconstrained) but not on
the gel dimensions. Free swelling (equilibrium) data was used to

validate the predictions from the theoretical analysis (see next).

Theoretical Analysis

Swelling causes a gel to soften (Rubinstein and Colby, 2003).
Under substrate-attached conditions, predicting the loss of
mechanical resistance to indentation (as measured by AFM)
requires sophisticated model development that is out of the scope
of this study. Here we combine a well-established theoretical
model of an ideal elastomeric gel (Flory and Rehner, 1943;
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Rubinstein and Colby, 2003; Damljanovi¢ et al., 2005; Cai and
Suo, 2012) valid for unconstrained swelling with a previously
reported poroelastic analysis of swelling kinetics (Yoon et al,,
2010) in order to qualitatively assess our experimental results.

In the present experiments, distilled water was used as
the solvent at the time of gel preparation, and the swelling
experiments were carried out in PBS. The ionic strength of PBS
(~2.3 mmol/L) is negligible and its mass density is nearly the
same as distilled water. Hence no distinction is made between the
two solvents in the theoretical model below.

The stress—stretch behavior of PAM hydrogels can be captured
by means of a network of Gaussian chains (Flory and Rehner,
1943; Cai and Suo, 2012). When the PAM hydrogel is swollen
in the PBS solvent, it is assumed that the mean-squared end-
to-end distance of the chains continues to be distributed in
a Gaussian fashion (also known as 0-solvent condition). The
elastic behavior of the gel is characterized by the shear modulus
G, which is equated with G’ as mentioned before. The shear
modulus G™ of a network of Gaussian chains is proportional
to the number density of network chains N and the free energy
of each chain W (Rubinstein and Colby, 2003; Damljanovi¢
et al., 2005). As the amount of polymer remains unchanged
during swelling, N is inversely proportional to the unconstrained
volumetric swelling ratio J™. The free energy W is proportional
to Z2/R, where R is the mean-squared end-to-end distance of
each chain and \ is the linear stretch in each chain. Thus, we can
take R to be independent of J® (Rubinstein and Colby, 2003).
Assuming affine deformations within the network and isotropic
macroscopic deformation, a swelling ratio of J® at the scale of
the gel is equivalent to A = (J@)1/3 at the scale of each chain. For
swelling in a 6-solvent, W is proportional to (J®)2/3 and finally
G is proportional to (J®)~1/3, This dependence captures the
result of two counteracting effects: decreasing number density of
network chains and increasing free energy of each chain during
swelling. Denoting the variables at preparation by the subscript
“0,” the modulus at any instant of swelling is given by Rubinstein
and Colby (2003):

GW = Gy(Jo/J)1/3 (4)

At the instant of gel preparation, there are no differences between
constrained and unconstrained gels, hence the superscript is
omitted from Gy and Jp above. Let Agf]) and Ag&) denote
the increases in gel height at any instant of swelling after
preparation, respectively, in substrate-attached gels (as in our
AFM experiments) and unconstrained gels. The poroelastic
analysis of swelling kinetics by Yoon et al. showed that 1 <
AQJA® < (1 4+ v)/(1 - v) (Yoon et al., 2010), where the lower
limit is valid close to swelling initiation and the upper limit is
reached at swelling equilibrium. For a Poisson’s ratio of v = 0.5,
this implies 1 < AO/AM < 3 For a thin gel [as in the present
experiments, but also in Yoon et al. (2010)] it can be assumed
that the cross-sectional area remains fixed during swelling if the
gel is attached to the substrate, and only the height of the gel
increases. Thus (A©) + Hg)/Hy = J9/J, at any instant during
swelling, where Hy is the height of the gel at preparation. When
a gel of identical geometry (at preparation) is swollen under

unconstrained conditions, the resulting deformation is isotropic,
which implies (A® + Hg)/Ho = (J™/])'/3. It follows from the
above relations that A©/AW = (5, — 1)/(JW/Jp)'/? - 1).
Using the result in Yoon et al. (2010) above, we obtain the limits
for (Jo/JW)1/3 as:

Jo/19 <o /1")Y3 <(3J0/1) /(1 + 2J0/19) (5)

Substituting this in Equation (4), the shear modulus of an
unconstrained swollen gel is found to be bounded by:

Jo/19<GW /Go<(3J0/1) /(1 + 2J0/1©) (6)

Here too, the lower limit is valid close to swelling initiation and
the upper limit is reached at swelling equilibrium (for v assumed
to be 0.5).

We measured Jy and J© from the swelling experiments and
Go from AFM at the point of preparation. Thus (the right hand
side of), Equations (5) and (6) will be used to predict equilibrium
swelling ratios and shear moduli under free swelling conditions.
As further validation, we will compare these predictions with
equilibrium swelling ratios directly measured under free swelling
conditions and with equilibrium shear moduli derived from
these direct measurements and application of Equation (4). The
inequalities in Equation (6) allow us to predict the bounds of
shear modulus during swelling under unconstrained conditions.
We will compare this prediction with the shear moduli from
constrained gels G that is measured here using AFM.

Li et al. (2012) introduced a formalism to express the balance
between externally applied stress, the elastic stress in the polymer
network, the osmotic pressure of mixing and the chemical
potential of the solvent at any instant of swelling (Damljanovi¢
et al., 2005). For a gel under free swelling conditions, the
applied stresses are zero and stretches are isotropic. Also, by
definition, the chemical potential must vanish when the freely
swelling gel reaches swelling equilibrium (henceforth denoted by
subscript “eq”). Therefore, at equilibrium, the elastic stress in the
network fully balances the osmotic pressure. For a network of

Gaussian chains, an isotropic stretch A = ]Sé)l/ 3

in the principal
directions leads to an elastic stress GS&)(I - ]f;;”z/ 3), as obtained
by differentiating the free energy of stretching of the network
(different from W, the free energy of each chain) (Damljanovi¢
et al., 2005). Using Equation (4) to obtain the shear modulus at
unconstrained swelling equilibrium, the following expression for
the osmotic pressure due to mixing at swelling equilibrium can
be written:

n(u)

) g = Gollo/1) (1 = J72%) )

The predicted dependence of ngrllli)x,eq on ]&11) across various gel

compositions is compared with that in literature (Damljanovi¢
et al., 2005), where ]ﬁ‘(‘f is either the value derived from the right
hand side of Equation (5) and using measured J and 7€), or the
value measured directly under free swelling conditions.

Finally, the poroelastic analysis of Yoon et al. (2010) of
hydrogel swelling kinetics can be used to estimate the fluid
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diffusivity D inside the gel. Yoon et al. have among others
derived a transient solution for the swelling kinetics of an ideal
poroelastic, surface-attached thin hydrogel layer and showed that
the specimen height as a function of time can be described by an
infinite sum of exponential decay functions. The basic relaxation
time (characteristic swelling time) 7 is given by:

T = 4Hy?/n*D (8)

with Hy the initial gel height. We will estimate t for the
soft and softest gel compositions from the short-term swelling
experiments and use Equation (8) to calculate D.

RESULTS

In situ Bulk Shear Rheology vs. AFM

Measurements

In situ bulk shear rheology measurements of G’ and G”
during time sweep experiments are shown in Figure 1A, and
after polymerization (frequency sweep experiments) are shown
in Figures 1B-D, for the four hydrogel compositions. The

storage modulus is found to increase monotonically with time
and to reach a stable plateau after about 30 min, at which
point the polymerization process is considered to be complete.
Figures 1B-D show the post-polymerization storage and loss
shear moduli, and phase angle (tan 8 = G”/G’) for the same
hydrogel compositions as functions of angular frequency for
samples that were left undisturbed during in situ polymerization.
The storage modulus is found to be weakly dependent (softest
gel) to almost independent (other compositions) of angular
frequency. The storage shear modulus is found to decrease from
4,530 4 150 Pa (stiffest), 2,900 & 90 Pa (stiff), 538 =+ 14 Pa (soft)
to 260 =+ 83 Pa (softest) with decreasing concentrations of cross-
linker (MBA), acrylamide or both (see Table 1, G’ values reported
are averaged from 1 rad/s). Tan 3 values are always <0.012 for all
gels except the softest gel. For the softest gel tan § averages 0.104
at 1 rad/s and is always <0.27. These small values confirm that
PAM stresses are governed by elastic instead of viscous effects
for the tested frequency range (Calvet et al., 2004; Li et al., 2012;
Abidine et al., 2015) and support the comparison of bulk rheology
and AFM measurements, and the estimates obtained from the
theoretical analysis.
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FIGURE 1 | In situ bulk shear rheological measurements on four PAM hydrogel compositions (see Table 1): (A) Storage shear modulus G’ vs. polymerization time, (B)
storage shear modulus G’ vs. angular frequency post-polymerization, (C) loss modulus G” vs. angular frequency post-polymerization, and (D) Tan 8 (=G"/G’) vs.
angular frequency post-polymerization. All data points are averages (£SD) over three samples measured per composition.
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polymerization at Day O (control).

Prior to evaluating the effect of swelling on the local elastic
properties, AFM measurements were performed and compared
to bulk shear rheological measurements in order to verify to
what extent local and global elastic properties correspond. For
the stiff hydrogel composition AFM measurements were also
performed during polymerization and the local elastic moduli as
a function of polymerization time were compared with the global
elastic moduli as derived from time-sweep rheology (Figure 2A).
Similar to the bulk rheological measurements, the local elastic
moduli are found to monotonically increase with time and to
reach a stable plateau after 30 min, while at all times being in
agreement with the global elastic moduli. Post-polymerization
force-distance curves were then acquired for all four hydrogel
compositions and typical examples are shown in Figure 2B (an
example of reference F-D curve of glass substrate was included
in Figure 2B). The measured average local elastic modulus E
is 13,000 £ 780 Pa for stiffest, 7,930 & 437 Pa for stiff, 1,970
=+ 225Pa for soft and 620 £ 35Pa for softest gels (values are
averaged over three samples per composition). After converting
these values into local G’ values using Equation (3), it was
found that they are in good agreement with the global G’ values
obtained by bulk rheology, with differences between AFM and
shear rheology ranging from ~4 to 15% (see Table 1).

Influence of Swelling on Local Elastic

Properties

In order to assess to what extent swelling affects the gel local
elastic properties, AFM and swelling measurements were first
performed at four different time points (Day 0 to Day 6) for
all four compositions. Figures 3A,B show that the stiffest and
stiff gels did not exhibit any measurable change in the elastic
properties with time. The soft and softest gels (Figures 3C,D)
exhibited a substantial decrease of the measured local elastic
moduli of 33.7 and 33.3%, respectively, between Day 0 and Day
1, after which the values tended to reach a plateau. Additional
measurements were then performed from 0 to 24 h for the soft

and softest gels to assess the swelling kinetics in more detail
(Figures 3E,F). These short term measurements demonstrated
that after 6 (soft gels) to 9 h (softest gels) the elastic modulus did
not change further.

Volumetric swelling ratios (J©)) as a function of time for gels
attached to a glass surface are reported in Figure 4A for long term
experiments (up to 6 days). For all time points swelling ratios
were found to be lowest for the stiffest gel, and highest for the
softest gel (apart from Day 0 of the short term experiments).
While swelling ratios for the stiffest and stiff gels did not change
with time, the soft and softest gels exhibited an increase in
swelling ratio between Day 0 and Day 1 with 21.6 and 133%,
respectively, after which no further changes could be noticed.
Similar to AFM, swelling measurements were also performed for
soft and softest gels from 0 to 24h. These short term swelling
experiments displayed similar trends as the AFM measurements:
soft gels seemed to reach a plateau value earlier than softest
gels, although for both gel compositions this occurred at earlier
time points than for AFM (3 and 6h for soft and softest
gels, respectively). Taking the equilibrium times of the AFM
measurements as upper bounds (6 and 9 h for soft and softest gels,
respectively), we can estimate the relaxation time for the swelling
kinetics of soft and softest gels. If we approximate the transient
solution of specimen height [as derived by Yoon et al. (2010)]
by a single exponential decay function with relaxation timet and
take the equilibrium time equal to 3 times the relaxation time (i.e.,
define equilibrium if further change is <5% of the equilibrium
solution), relaxation times of soft and softest gels are estimated
to be 2 and 3h, respectively. Using Equation (8) leads to fluid
diffusivities of 5.6 x 107! and 3.8 x 10~'! m?/s for soft and
softest gels, respectively.

We also evaluated the effect of swelling on the spatial
heterogeneity of the local elastic modulus, by calculating the
average coefficient of variation (CV) of all AFM measurements
within each specimen (i.e., for each specimen we first calculate a
CV based on all local elasticity measurements for that specimen;
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FIGURE 3 | Local elastic modulus (as determined by AFM) of substrate-attached gels as a function of swelling time for four different hydrogel compositions during
long term swelling up to 6 days (A,B) stiffest and stiff; (C,D) soft and softest; (E,F) are the short term swelling times from 0 to 24 h. All measurements were done in
triplicate (whiskers indicate SD).

then we average the CV values over the three specimens per
composition). This measure of spatial heterogeneity was then
compared to the coefficient of variation between specimens (i.e.,
by first calculating an average local modulus per specimen and
then calculating the CV between average moduli, as obtained

for 3 specimens per composition). As can be seen in Table 1,
variability between specimens is of the same order of magnitude
as variability within specimens (i.e., spatial heterogeneity) for
both Day 0 and Day 6 measurements. Moreover, neither
variability between specimens nor variability within specimens
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seem to be strongly affected by swelling, as CV values are
comparable at Day 0 and Day 6.

Theoretical Analysis

Equilibrium swelling conditions were reached by Day 1 as
swelling ratio of the samples did not change by more than 5%
compared to values at Day 6 (Figure 4). In the following, values
at Day 0 and Day 1 are denoted by subscripts “0” and “eq,
respectively, and shear modulus G is calculated using Equation
(3). Figure 5 compares the predicted and observed values at free
swelling equilibrium for swelling ratio ]S(ll) and equilibrium shear
modulus Gf;;) for the stiffest, stiff and softest gel samples. The

predicted values of ]S&) and Gg&) are obtained using the right-
hand side of Equations (5) and (6), respectively, whereas the
observed values of ]S&) are directly measured and those of Gg&)
obtained from Equation (4). The dependence of the predicted
equilibrium osmotic pressure due to mixing [Mmixeq (Equation
7) on measured/predicted equilibrium swelling ratio under free

swelling conditions shows a negative power-law relationship,
with pressure values close to zero for very large equilibrium
swelling ratios (Figure 5C). Measured (G9)and predicted (GW)
shear moduli (normalized by the modulus at preparation, Gy)
as a function of swelling time were compared for short term
experiments (up to 24 h) of soft and softest gels (Figure 6). The
transient values of G, as measured by AFM, were found to be
located within the bounds, predicted by Equation (6).

DISCUSSION

Previous studies on the mechanical characterization of PAM
hydrogels have either used bulk rheological techniques (Calvet
et al., 2004; Kizilay and Okay, 2004; Neamtu et al., 2006; Wang
and Ugaz, 2006) or micro- to nanoscale techniques (AFM)
(Engler et al, 2004), with only very few studies comparing
global to local properties (Abidine et al.,, 2015). In this study
we have combined in situ bulk shear rheology and AFM
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in order to obtain data on global and local elastic modulus
during and after polymerization for a wide range of stiffness,
and evaluated the effect of swelling on the elastic modulus.
Bulk rheological data on storage moduli (Table 1 and Figure 1)
display good reproducibility (CV < 5% for all compositions
except for softest compositions) and agree well with previously
reported rheological data on PAM gels for similar concentrations,
including the fact that rheological behavior is governed by the
elastic, instead of viscous component for the applied frequency
range (tan & of the order of 107%-1072 for stiffest, stiff and soft
gels; order of 10! for softest gel) (Calvet et al., 2004; Wang and
Ugaz, 2006).

Storage moduli from rheology measurements were compared
with local AFM-derived moduli at different polymerization
times for the stiff hydrogel composition (Figure 2A). At early
time points (3, 6 min) AFM measurements slightly deviated
from rheology measurements, which could be due to a lack of
control in the polymerization time and which is expected to
play a more important role at these early time points. Indeed,
at later time points (10, 15, 30 min) moduli derived from
rheology and AFM agree very well (differences <3.3%). Similarly,
post-polymerization (30 min) moduli based on rheology and
AFM were found to be in good agreement for all four PAM
compositions, with differences that were <15%, which is of the
same order as the CV of AFM-derived moduli (Table 1). For
the conversion of local Youngs modulus to shear modulus the
Poisson’s ratio was taken equal to 0.5. Instead of assuming a
Poisson’s ratio of 0.5, one can also combine bulk rheological (G’
values; Table 1) and AFM measurements in order to estimate

the value of the Poisson’s ratio. By combining Equations (1) or
(2) with Equation (3), we obtained an average Poisson’s ratio of
0.46, which suggests close to incompressible behavior of PAM
hydrogels during AFM measurements and which is in agreement
with the findings of a previous study on PAM that also combined
AFM with bulk rheology (Abidine et al., 2015).

In order to evaluate the variability of the AFM measurements
between specimens of the same composition as well as the
variability between measurements on the same specimen (spatial
heterogeneity), corresponding CV values of local elastic moduli
were calculated (Table 1). Both types of variability led to CV
values of the same order (6-8% for inter-specimen variability,
4-10% for intra-specimen variability) and are comparable to the
variability previously reported in AFM studies on PAM hydrogels
(Damljanovi¢ et al., 2005; Tse and Engler, 2010; Denisin and
Pruitt, 2016). The intra-specimen variability could be because
of local concentration fluctuations of monomer and cross-linker,
which might lead to spatial heterogeneity of hydrogel network
formation, which in turn could affect local stiffness (Kizilay
and Okay, 2004; Saha et al., 2010). Swelling affected the spatial
heterogeneity in the case of the soft and softest hydrogels, as can
be derived from the fact that the CV value of AFM measurements
within the same specimen increased between Day 0 and 6 from 10
to 15% for soft gels and from 6 to 14% for softest gels, respectively.
This is in line with the findings of Kizilayet al. based on light
scattering measurements (Kizilay and Okay, 2004).

Earlier work on PAM hydrogels has either reported
swelling ratios as a function of PAM composition and solute
concentration (Aalaie and Vasheghani-Farahani, 2012; Li

Frontiers in Materials | www.frontiersin.org

10

July 2020 | Volume 7 | Article 212


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Subramani et al.

Swelling Influences PAM Hydrogel Elasticity

et al,, 2012), or elastic moduli as a function of storage time
(Damljanovi¢ et al., 2005; Denisin and Pruitt, 2016). As the
latter two studies did not (Damljanovi¢ et al.,, 2005) or only
partially (single time point, Denisin and Pruitt, 2016) measure
any swelling ratios, it has not been possible so far to correlate
swelling ratios to changes in elastic properties in time. This is
particularly true for substrate-attached PAM hydrogels, which
is the configuration that is most relevant for cell mechanical
and mechanobiological studies that e.g., make use of TEM. In
the present study, we have measured the change in local elastic
properties (based on AFM) and swelling ratios over relatively
long (up to 6 days) time periods for four different PAM hydrogel
compositions. The stiff and stiffest gel compositions did not
show any change in elastic properties with time (Figure 3A),
which correlated with the fact that swelling ratios did not change
with time either (Figure 4). The soft and softest gel compositions
exhibited a decrease in elastic modulus between Day 0 and
Day 1 (Figures 3C,D), which was accompanied by an increase
in swelling ratio between the same time points (Figure 4A).
Additional short term experiments (up to 24 h) were done for the
soft and softest gel compositions in order to assess their swelling
kinetics in more detail. These experiments demonstrated that
soft gels reached equilibrium faster than softest gels for both
AFM and swelling measurements, although equilibrium times
were found to be different between AFM (6 and 9h for soft
and softest gels, respectively), and swelling experiments (3
and 6h for soft and softest gels, respectively). Possibly, these
differences have to do with the temporal resolution of these
measurements (3h in between consecutive measurements) and
inter-specimen variability (as different specimens were used for
AFM and swelling experiments). The short term experiments
enabled us to estimate fluid diffusivity values to be 5.6 x 10711
and 3.8 x 107'! m?s for soft and softest gels, respectively.
These values are in line with the values previously reported in
Lin and Hu (2006) and Yoon et al. (2010) for polyacrylamide
and poly(N-isopropylacrylamide) (PNIPAM) hydrogel systems,
which were of the order of 1-5 x 107! m?/s.

The theoretical analysis based on models of equilibrium free
swelling (Li et al., 2012) and swelling kinetics (Yoon et al,
2010) enables us to predict free swelling behavior for gels of the
same dimensions as the ones used for our constrained-swelling
experiments and compare predicted trends to literature data on
PAM swelling. The predictions made by the model based on
a network of Gaussian chains were found to agree excellently
with observations regarding unconstrained equilibrium swelling

ratio ]Sa) (Figure 5A) and shear modulus Ggél) (Figure 5B).

Interestingly, it was also found that the decrease in ]Sg) when
going from the softest to stiff gel was much higher than the
decrease when going from the stiff to stiffest gels. On the
other hand, the unconstrained equilibrium shear modulus Gé‘éﬁ
increased steadily going from the softest to stiff to stiffest
gels. Note that going from softest to stiff to stiffest gels
corresponds to an increase in cross-linker concentrations while
acrylamide concentration remains fixed (Table 1). These changes
in equilibrium properties with cross-linker concentration found
in the present study are qualitatively similar to those reported

by Li et al. (2012) for PAM gels of 1-4 wt% of cross-linker-
to-monomer ratio [see Figures 4D, 5A, respectively in Li
et al. (2012)]. Although the previously stated match between
predictions and observations was highly satisfactory at each
cross-linker concentration, this match should not be construed
to indicate that the model explains the functional dependence
of swelling and elastic properties with cross-linker concentration
as well. Modeling such a functional dependence is outside
the scope of the present study. For any gel composition, the
differences in equilibrium shear moduli using predicted or
measured equilibrium swelling ratio values were of the same
order as the variation between gel samples. Finally, short-term
(up to 24h) constrained-swelling experimental data of soft
and softest gels were compared to predicted free swelling data
(Figure 6). The measured values of transient shear modulus
values in constrained gels fall within the predicted bounds
of shear moduli in freely swollen gels for both compositions.
The lower bound of prediction characterizes the elasticity
at the start of swelling, while the upper bound is reached
at swelling equilibrium. Thus, our measurements and model
predictions suggest that, when swelling equilibrium is reached,
unconstrained gels of the soft and softest compositions will be,
respectively, 13.1 and 39.8% stiffer than substrate-attached gels
of the corresponding compositions.

Protocols for cell mechanics experiments (including TFM)
require that equilibrium is attained prior to commencing
experiments. The experimental results presented here underline
the importance of this requirement, noting that the soft and
softest gel in particular exhibited a decrease in the elastic
modulus of 33.7 and 33.3%, respectively between Day 0 and
Day 1. Attainment of equilibrium can be ensured by waiting
for a sufficiently long period such that the elastic modulus is
within the required level of tolerance of its equilibrium value.
Such a period may be inferred from Figure 3, although for
gels that possess composition, polymerization temperature, gel
attachment and solute concentrations conditions that are similar
to those considered in the present study.

CONCLUSION

In this study we reported, for the first time, simultaneous
measurements of elastic properties at both global (based on
shear rheology) and local (based on AFM) scales in PAM
hydrogels. Four different compositions, together spanning a
wide range of stiffness (storage shear modulus between 260
and 4,530 Pa), were assessed. Global and local elastic moduli,
measured during and after gel polymerization, were found to
be in good agreement for all compositions, with differences
between global and local post-polymerization moduli being of the
same order of magnitude as inter-specimen and intra-specimen
variability of AFM measurements. Over the course of the swelling
experiments the stiffest (G’ = 4,530 Pa) and stiff (G’ = 2,900 Pa)
gels exhibited negligible changes in elastic modulus over time,
whereas the soft (G’ 538 Pa) and softest (G' = 260 Pa)
gels exhibited decreasesing elastic moduli of 33.7 and 33.3%,
respectively, between Day 0 and Day 1 of swelling. These results
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demonstrate that swelling can have an important effect on PAM
elastic properties and must be taken into account when using
PAM as a substrate for cell culturing, particularly for PAM gels
with low monomer and cross-linker concentrations. In addition
to filling a gap in the literature of PAM hydrogel mechanics, this
study provides data with much higher temporal resolution than
before, which can be useful for validating combined elasticity and
swelling kinetics models (Table S1).
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