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Poroelastic properties of hydrogel microparticles’

Joseph D. Berry,*“ Matthew Biviano,* and Raymond R. Dagastine*“!

Hydrogels can be formed in a number of different geometries depending upon desired function.
However, due to the lack of appropriate models required to interpret experimental data, it remains
unclear whether hydrogel microparticles have the same poroelastic properties as hydrogel films
made with the same components. We perform numerical simulations to determine the universal
force relaxation of a poroelastic hydrogel particle undergoing constant compression by a spherical
probe, allowing analysis of experimental measurements of hydrogel particle material properties for
the first time. In addition, we perform experimental measurements, using colloidal probe Atomic
Force Microscopy, of the force relaxation of polyacrylamide films and particles made with identical
monomer and cross-linker concentrations. We fit our universal curve to the experimental data in
order to extract material properties including shear modulus, Poisson’s ratio and solvent diffusivity.
Good agreement is found for the shear modulus and Poisson’s ratio between the particles and the
films. In contrast, the diffusivity of the polyacrylamide particles was found to be about half that
of the films, suggesting that differences in the synthesis and homogeneity of the films and the
particles play a role in determining transport and subsequent release of molecules in hydrogel

particles.

1 Introduction

Hydrogels consist of a cross-linked network of polymers im-
mersed in a solvent, typically water. Hydrogels can exist as large-
scale structures such as films (‘macrogels’), or as particles (‘mi-
crogels’) 1. In a hydrogel, solvent molecules are free to migrate
through the three-dimensional polymer network, and as a con-
sequence the material can shrink or swell according to external
stimuli such as temperature, pH, or ionic strength 2. Because of
this property, hydrogel particles have applications in wastewater
treatment?, enhanced oil recovery*, flavour delivery in foods>,
tissue engineering®, and biosensing” .

In particular, hydrogel particles hold great promise for use as
controlled drug delivery systems due to their biocompatibility,
ease of manufacture, and precise control of strength and size 810,
Control of size and strength is critically important for successful
delivery of active ingredients in vivo. For example, softer particles
are able to circulate longer in the bloodstream in comparison to
stiffer particles because they can move through narrow vessels,
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and are also able to avoid detection and subsequent removal by
the immune system 1. Drug delivery to the lungs is critically de-
pendent on particle size and modulus, where particles larger or
stiffer than red blood cells are filtered out of circulation !2.

Theory of hydrogel poroelastic response to stimuli was first de-
veloped by Tanaka et al. 13:14) based upon theory originally for-
mulated by Biot !° for fluid-saturated porous soil. Characterisa-
tion of the poroelastic properties of hydrogels has primarily fo-
cussed on films16-18, Characterisation typically involves inden-
tation, where an indenter (e.g. sphere, cylinder or sharp tip) is
pressed into the sample and held in place, and the subsequent
force relaxation of the material is measured over time. Theory
is required to interpret the experimental force response in order
to quantify important mechanical and transport properties of the
gel: the shear modulus G, the diffusivity D (or permeability k),
and the drained Poisson’s ratio V.

When an external stimulus is applied to a hydrogel, two dis-
tinct mechanisms can govern the response of the gel. The gel
can respond poroelastically, whereby solvent diffusion through
the network is coupled to deformation of the network. In ad-
dition, the network can undergo conformational change, result-
ing in a viscoelastic response. Importantly, these effects can be
separated by careful choice of experimental length-scale 16:19:20,
The time-scale for poroelastic relaxation is governed by the size
of the contact area between the indenter and the gel, as the sol-
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vent has to migrate through the network around the indenter and
into solution. In contrast, the viscoelastic time-scale is indepen-
dent of the contact area and hence systematic variation of contact
area size can separate the two time-scales to allow quantification.
However, in the case of micron-sized particles, there is no such
freedom to choose contact area size in order to separate poroe-
lastic and viscoelastic timescales. Furthermore, in order to link
time-scale measurements to physical properties there is no model
currently available to correctly interpret experimental force relax-
ation measurements of purely poroelastic particles.

Recently, finite-element simulations of poroelastic materials
have been used to determine universal curves describing the force
relaxation in response to fixed-depth and oscillatory indentation,
both for thick films and thin films on hard substrates17-21-23_ The
unversal curve directly relevant to indentation of films with a col-

loidal (spherical) probe was derived by Hu et al. 17:
% =0.491exp(—0.908/7) +0.509exp(—1.6797). (1)
0 — Fw

where Fj is the instantaneous force response, F. is the equilib-
rium force response, T = Dt /a? is time normalised with the poroe-
lastic timescale, and a is the contact radius. Fitting the relevant
universal curve to the experimental data allows quantification of
the mechanical properties of the gel. While shown to be effective
for films, this model is not valid to describe the force relaxation
of poroelastic particles. This is because compression of a parti-
cle involves two indentations: one due to the spherical probe,
and the other due to the substrate. As a consequence, solvent
drains from two regions of the particle, and there are two (un-
equal) contact radii and thus two different poroelastic timescales
during the compression. Further, the indentation depth mea-
sured by the AFM cantilever consists of two contributions from
the probe and the substrate, and it can be shown that the ef-
fective probe indentation is less than the measured indentation
for spherical objects2*2>, If this is not taken into account, this
leads to under-predictions of shear modulus and over-predictions
of contact radii.

Measurement of the mechanical and transport properties of hy-
drogel microparticles using indentation is a difficult experimen-
tal task, and several factors constrain the measurement. Firstly,
the indentation depths need to be much smaller than the par-
ticle and indenter radii to ensure that linear poroelastic theory
applies. Secondly, the velocity of the probe as it approaches and
indents the particle needs to be fast enough such that negligi-
ble solvent has drained from the particle during approach after
contact, but slow enough such that elastohydrodynamic effects
due to film drainage coupled with deformation26-2° do not con-
tribute significantly to solvent drainage during approach. Thirdly,
the measurement requires accurate estimates of the indentation
contact area, and adhesion between the probe and the material
can introduce significant deviations from the oft-assumed elastic
contact30. Lastly, the asymmetry of the indentation due to the
presence of a flat substrate needs to be corrected for when in-
denting particles2425,

Microscale indentation has been carried out on polyacrylamide
films3931 but no similar measurement has been performed on
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Fig. 1 Schematic showing a) the typical experimental setup for the
indentation of a poroelastic particle using Atomic Force Microscopy. A
poroelastic particle of radius R is indented by a distance & with a probe
of radius R, attached to the AFM cantilever. The probe is then held
against the particle for a period of time, and the resultant applied force
F (1) is measured. The poroelastic particle is characterised by the shear
modulus G, the drained Poisson’s ratio v.., and the permeability k (or
diffusivity D). The three geometries considered in this study are b) a
spherical probe indenting a thick poroelastic film, b) the symmetric
indentation of a poroelastic particle by spherical indenters (Hertzian
geometry), and c¢) a poroelastic particle resting on a flat substrate
undergoing indentation by a spherical probe (AFM geometry).

hydrogel microparticles. A very recent approach of promise used
microaspiration to extract mechanical and transport properties32,
however there is a requirement for a technique that takes advan-
tage of the force-indentation measurement capabilities of AFM for
accurate measurement of mechanical properties and validation of
other measurement techniques.

In this study we use numerical simulations to determine the
appropriate universal curve for the compression of a poroelastic
particle resting on a flat substrate with a spherical indenter. We
then present experimental measurements of polyacrylamide films
and particles in order to validate the universal curve, to quantify
the physical properties of the film and the particles, and lastly
to determine if physical properties differ between microparticles
and bulk films made from the same material.

2 Theory & Method

2.1 Numerical model

A schematic of the indentation process is shown in Figure 1.
A rigid, spherical probe of radius R, attached to the AFM can-
tilever indents a poroelastic particle of radius R by a distance
6. Throughout the indentation process the hydrogel particle is
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considered to be in mechanical equilibrium, which is expressed
mathematically as:

1
V.o——Vu=
6—5Vu 0 (2)

Here u is the chemical potential, Q is the volume of a solvent
molecule, and ¢ is the standard elastic stress tensor, defined as

\%
6=2G|e+ eud 3
[ oy Sl | (3)
where ¢ is the strain tensor, & is the trace of the strain tensor, [ is
the identity matrix, and G and v are the particle’s shear modulus
and Poisson’s ratio respectively. The strains are defined in terms

of the material displacement u as
_1 T
e=3 (Vu+ (V) ) o)

Conservation of mass states that the concentration of solvent is
governed by the equation:

IC_ k

o e ®

where C is the number of solvent molecules per unit volume, k is
the permeability, and 7 is the solvent viscosity.

Assuming that the gel is incompressible, the increase in volume
of the gel is due entirely to the volume of absorbed solvent:

Exk = Q(C — Co) (6)

where Cj is the initial concentration.
Combining Equations 5 & 6 gives:

8£kk k 2
Zokk Ty

dt nQ )
The diffusivity D is related to other material properties according

to:
_2(1-v)Gk

T (1=-2v)n’ ®

Axisymmetric numerical simulations of the indentation process
were carried out using the commercial software Comsol Multi-
physics (5.2a) through solution of the governing equations 2 &
7 with appropriate boundary conditions. Three different geome-
tries of a poroelastic material undergoing compression were con-
sidered in the numerical simulations (Figure 1). The first geom-
etry considered was a spherical probe of radius R, compressing a
thick poroelastic film with constant indentation depth 6, identi-
cal to the setup considered by Hu et al. 17 (Figure 1b)). The top
boundary of the poroelastic material away from the indenter was
assumed to be stress free and in equilibrium with the external
solvent (u = Ly, where py is the solvent chemical potential). The
indenter was assumed to be impermeable to solvent migration,
however because the contact area varies with indentation depth
and indenter size we used a Robin boundary condition on the top
surface of the poroelastic material to enable a number of simu-
lations to be run with different indentation depths and indenter
sizes. The Robin boundary condition used on top surface of the
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poroelastic material is:

Vi-n=—k(n— po)S(pe), ©)

where n is the unit normal to the boundary, uy = 10-2* J is the
(nominal) solvent chemical potential 33, p.. is the contact pressure
between the indenter and the boundary, and k(~ 10'3 m~!) is an
arbitrary large parameter chosen to ensure no-flux in the contact
region and u = g elsewhere. The function S(p.) is a smoothed
step function that varies from 0 when the contact pressure is high
to 1 when the contact pressure is negligible (Figure S1 in ESI).
The bottom boundary of the poroelastic material was set to be
no-flux, and was located far enough away (~ 20 radii) from the
indenter to have negligible effect on the final result.

The second geometry modelled was the compression of a spher-
ical poroelastic particle of radius R indented by two identical
spherical probes at the top and bottom, analogous to the origi-
nal geometry considered by Hertz34 (Figure 1c)). For efficiency,
only the top indentation was modelled, with a reflection bound-
ary condition applied through the middle of the poroelastic par-
ticle. The boundary of the particle was specified as no-flux in the
contact region and u = gy elsewhere using Eq. 9.

Lastly, the full AFM geometry shown in Figure 1 was mod-
elled, consisting of a spherical poroelastic particle resting on a flat
substrate whilst undergoing compression from a spherical probe
directly above (Figure 1d)). For this particular geometry, there
are two indentations occuring due to the indenter and the sub-
strate2*25, Again, the Robin boundary condition was used to
ensure that the no-flux condition where the particle is in contact
with either the indenter or substrate, and u = g outside the con-
tact region.

In all cases, the indenter was set to move with prescribed dis-
placement &, and the substrate was fixed in position. The sub-
sequent force F exerted on the indenter was then measured over
a period of time. The mesh size was typically 130,000 elements,
with appropriate refinement near the indentation regions.

2.2 Materials

Polyacrylamide particles were produced using 40% acrylamide
(BioRad Australia), bisacrylamide (BioRad Australia), cyclo-
hexane (AR grade, ThermoFisher), tetramethylethylenediamine
(TEMED, Sigma Aldrich), ethanol (ThermoFisher), ammonium
persulphate (APS, Sigma Aldrich), phosphate-buffered saline
(PBS, Sigma Aldrich), and Span 60 (ChemSupply). For the
bulk polyacrylamide gel the same materials were used as well
as 3-aminopropyltriethoxy-silane (99%, Sigma Aldrich) and glu-
taraldehyde (25% solution, Sigma Aldrich) to modify the glass
substrate, and diethoxydimethylsilane (99%, Sigma Aldrich) to
modify the gel mould. For glassware cleaning sodium hydroxide
(Chem-Supply, Australia), 78% nitric acid (Sigma Aldrich) and
Labware detergent concentrate (AJAX, ThermoFisher) were used.
Deionized water was produced via Milli-Q system (18.2MQ resis-
tivity, Merck Millipore).
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2.3 Polyacrylamide Synthesis

The polyacrylamide particles were produced in the same man-
ner as Gangotra et al. 32, where a suspension of acrylamide
solution is dispersed into a cyclohexane solution. A 1:9:89:1
bisacrylamide:acrylamide:Milli-Q water:APS ratio was used to
generate the particles. These concentrations have been observed
to create highly porous polyacrylamide gel networks relative to
gels with lower monomer and cross-linker concentrations>°. Ini-
tially we made polyacrylamide gels of ratio 0.5:9.5:89:1, however
at this cross-linker concentration we observed both poroelastic
and viscoelastic responses to stimulus. Increasing the cross-linker
concentration to 10% resulted in gels that exhibited only poroe-
lastic effects.

To generate the emulsions, 10 mL of cyclohexane phase with
1% Span 60 was magnetically stirred in a 25 mL schott bottle,
and 1mL of aqueous acrylamide solution was added drop-wise.
The solution was shaken vigorously until the droplet size distri-
bution was between 5-20 um, verified with light microscopy. The
solution was then degassed for 20 mins under a 20kPa vacuum
while stirring, and 150 mg of TEMED was added to the emul-
sion. The emulsion was capped and allowed to incubate for 1 hr
for full polymerisation of the acrylamide. To extract the particles,
the emulsions were then centrifuged for 5 mins at 5000 rpm, and
the resultant pellet was then washed and resuspended 5 times,
initially in cyclohexane, then ethanol twice and twice with Milli-
Q water. To prepare the samples for indentation, glass rounds
were then placed in the AFM fluid cells (Asylum Research, CA,
USA), filled with PBS solution and several microdroplets of the
dispersed polyacrylamide suspension added. These were allowed
to settle for 3 hours prior to the experiment, and the solutions ex-
changed to remove any particles that had not adhered to the slide
surface. These were optically checked with light microscopy, and
used on the day of preparation.

To create the bulk polyacrylamide gel we followed the proce-
dure of Denisin and Pruitt 3>, Briefly, identical acrylamide solu-
tions to the particle synthesis were made and cast in a PEEK-glass
mould onto a glass round. The PEEK-glass mould was made by
a flat disk of PEEK with a 1 cm diameter hole cut from the cen-
tre, and glued to the glass round with UV-curable resin (Lock-
tite 349, Henkel Australia). The slide without the PEEK ring
was then dried and soaked in a solution of acetone and 1% 3-
aminopropyltriethoxy-silane for 15 mins, and then soaked in a
1% glutaraldehyde solution for a further 10 mins. The PEEK-glass
slide was first dried and then exposed to UV-Ozone (Procleaner,
BioForce), and then exposed to the vapor of diethoxydimethylsi-
lane for 1 min to partially hydrophobise the surface. A droplet
of the acrylamide solution was then added into the PEEK ring,
followed by 10 uL of 10% TEMED solution, and the top slide
placed on top. This was then allowed to polymerise for 1 hr,
and placed in a petri dish of Milli-Q solution, where the PEEK-
glass slide was removed. These were then placed in the fluid cell
and covered again with PBS, allowed to equilibrate overnight at
4 C. The samples were left to return to room temperature prior to
measurement with AFM. These samples were used within 1 day
of preparation.
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All glassware was incubated for one hour sequentially with
10% AJAX, 10% Nitric Acid and 10% Sodium Hydroxide solu-
tions, with copious washing of the slides with Milli-Q between
incubations.

2.4 Atomic Force Microscopy

The Atomic Force Microscope (AFM) used in these experiments
was an Asylum MFP-3D (Asylum Research, CA, USA). Cantilevers
used were MLCT-010 tipless cantilevers (Bruker, USA), with ~ 15
um silica beads attached via micromanipulation with the MFP-
3D using 2 part epoxy resin (Super Strength Araldite, Selleys,
Australia), which was allowed to dry for 24hrs prior to use.
The cantilever spring constants were determined via the ther-
mal method 3¢, where the inVOLS was determined prior to each
measurement, either by observing the constant compliance of the
cantilever against the glass surface in the case of the particle
measurements, or by observing the thermal oscillations above the
sample for the bulk film measurements 3.

All measurements were performed in the MFP-3D fluid cell,
using round glass slides for the base. To perform the indenta-
tion on the polyacrylamide gels, the AFM tip was first brought
into contact with the film or particle, then an indentation depth
sweep was undertaken using successive force curves to set load-
ing forces followed by a dwell at that force for a set time. These
data were used to determine the appropriate indentation depths
for the measurements. The dwells are indentation controlled and
done in closed loop mode. Stepped indentation depths were used
to reduce overshoot of the indentation depth and also to ensure
contact between the probe and the material by minimising elas-
tohydrodynamic effects, thus avoiding inaccurate measurements
at short timescales. For further details see Figure S2 in ESI. For
the indentations, the velocity of the indentation was set as high
as possible to reduce solvent drainage while the probe reached
the desired indentation, but low enough to maintain indentation
overshoot below 2 nm. This gave a range of velocities of 15 um/s
for small indentations (<1 um) and 50 pum/s for larger indenta-
tions (>2 um).

2.5 Swelling measurements

The height, width and depth of swollen films in water were mea-
sured using calipers. Following this, the films were immersed in
100% ethanol to displace the water and collapse the films. After
ten minutes the ethanol was exchanged for fresh ethanol and the
films were left overnight. Calipers were again used to measure
the relevant dimensions of the unswollen films. For the parti-
cles, images were taken of a number of swollen particles in water
(~ 10 —20), which were then immersed in 100% ethanol for 10
minutes, then in fresh ethanol for a further two hours. Images
of the now unswollen particles were taken and then processed to
determine the change in radius between collapsed and swollen
particles. The swelling ratio 4y for both the films and particles
was then calculated by dividing the swollen length by the corre-
sponding dry length. Assuming isotropic swelling, the swelling
ratios Aq of the films and particles were then calculated by divid-
ing the swollen length (thickness or radius, respectively) by the
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Fig. 2 Effect of probe radius on the simulated force response of a
poroelastic particle. The particle of radius 10 um, resting on a flat
substrate, undergoes a constant indentation of § = 20 nm with different
spherical indenter sizes R, =5, 10, 100 um. The material parameters
are v.. = 1/3, G =100 kPa, D = 1.5 x 107! m?/s. The inset shows the
normalised force response as a function of time.

corresponding dry length.
3 Results & Discussion

3.1 Numerical results
The force response of a spherical poroelastic particle resting on a
flat substrate by a spherical probe, directly relevant to AFM mea-
surements, is shown in Figure 2 for three different indenter sizes.
Initially, the poroelastic material behaves as a purely elastic in-
compressible material (vy =0.5), and the measured force atr =0,
Fy, is high. As time progresses the solvent drains from the parti-
cle, and the force on the indenter decays to a constant equilibrium
value F.. < Fy. The force response of a poroelastic material can be
normalised using (F — F..) /(Fp — Fw ), an expression that is initially
1, and then decays to 0 as time progresses 7. This normalisation
is plotted against time in the inset of Figure 2, showing that the
relaxation time of the poroelastic material increases with indenter
size because the distance the solvent migrates is dictated by the
size of the contact area, characterised by the contact radius a. De-
termining the appropriate contact radius for the compression of
a particle resting on a flat substrate is complicated because there
are two unequal contact areas due to the probe and the substrate.
Figure 3 demonstrates the importance of an appropriate choice
of contact radius for particle compression. The simulated force re-
sponse of a poroelastic material is shown, indented by a spherical
indenter of size R, = 10 um to a depth of 6 =20 nm for the three
different geometries considered: a poroelastic film, the symmet-
ric indentation of a spherical poroelastic particle of radius R = 10
um, and the asymmetric indentation of a spherical poroelastic
particle (also radius R = 10 um) resting on a flat substrate. De-
spite being indented by the same indenter by the same distance,
the force response of each geometry is different in both the mag-
nitude of the force and the relaxation time. When the indentation
depth is small in comparison to the probe radius (and particle ra-
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Fig. 3 Effect of geometry on the force response of a poroelastic
material for the same indenter size and indentation depth. a) Simulated
force response of a poroelastic material undergoing a constant
indentation of 6 =20 nm with spherical indenter size R, = 10 um for the
three different geometries considered. b) The same data with force
normalised using (F — F..)/(Fo — F»), where F; is the instantaneous
force response and F.. is the equilibrium force response. The
simulations show the force response is highly dependent on the
geometry simulated even when force is normalised. The inset in b)
shows that the data collapses when time is normalised with the
poroelastic timescale © = a*/D, where the contact radii a for the film,
symmetric and AFM particle indentations are given by Equations 11, 12
& 15 respectively. The material parameters are v., = 1/3, G =100 kPa,
D =1.5x 10" m?/s, and the particle radius is 10 um for the symmetric
and AFM particle indentations.
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dius if applicable), the force response F(¢) at any time 7 is given
by Hertz’s theory34:
8Gas?
Flt)= — 10

RRET=0) o
where G is the shear modulus, a is the contact radius, and v is
the Poisson’s ratio, which changes over time due to drainage of
solvent from the material. The contact radius a depends upon the
geometry of the indenter and the material. In the case of the film
indentation, the contact radius is given by:

Afilm = Rp6 (11)

For the symmetric indentation case, the contact radius is given
by:

Ré, (12)

dgymm. =

where R = R,R/(R, +R) is the effective radius. Because R < R,,
the contact radius in the film indentation case is larger and the
resultant force is larger.

The force in the AFM particle indentation case is much smaller
than the other two cases (Figure 3a)). For this particular case,
there are two unequal contact areas due to the probe and the sub-
strate, characterised by contact radii ap and as respectively. The
contact radius due to the probe indentation is ap = VRS, and the
contact radius due to the substrate is as = v'RS. The reason why
the force is smaller for the AFM particle configuration is that the
indentation (&) consists of two contributions: the indentation due
to the substrate and the effective indentation due to the spherical
probe. Glaubitz et al. 24 showed that the effective probe indenta-
tion (8,) required for accurate calculation of material properties
can be written as 8, = C8, where the factor € < 1 is a correction
factor accounting for the presence of the substrate.The factor C,
derived for particles by Glaubitz et al. 24 is defined as:

[(Ry/R) +1]5
[(Ry/R)+ 115 + (R,/R)3

.5,
C= 5= , (13)
which is a function of the radius ratio R,/R only. Correction fac-
tors have also been derived for capsules of arbitrary thickness by
Berry et al. 2°. The correction factor € ~ 0.56 for the AFM particle
indentation case shown in Figure 3a), and as a consequence the
contact radii are less than for the film and the symmetric particle
indentation cases even though the applied indentation depth and
the probe radius are the same. Thus, the force response of the
poroelastic particle resting on a substrate is less than the film and
the symmetric cases. Using the correction factor defined in Eq. 13
we can show that the contact radius for the probe and substrate
indentations respectively can be written:

ap=VRCS, as=1/R(1-C)s. (19

To aid comparison, Figure 3b) shows the normalised force re-
sponse of the three geometries simulated. Here, the variation
in contact radii is clear between the three cases, showing that
the drainage time increases with increasing contact radius. Pre-
vious studies of poroelastic indentation have shown collapse of
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normalised force data when time is normalised by the poroelas-
tic time-scale 7 = a2 /D. The inset of Figure 3b) shows the same
data with time normalised by the poroelastic time-scale for each
geometry, calculated with the appropriate choice of contact ra-
dius (Equations 11 & 12 for the film and symmetric geometries
respectively). We found that the contact radius for the AFM par-
ticle geometry dparicte resulting in the best collapse of the data is
the harmonic average of the two contact radii:

2apas (15)

Aparticle = ap Tas .
When the appropriate contact radius is chosen to define the
poroelastic time-scale used to normalise time, collapse of the data
results (inset of Figure 3b)). Based upon this data collapse, the
curve that best fit the normalised force response was found to be
2.5670-%4

= 2560008 (16)

F(t) - Fo
Fo— F

where the poroelastic time-scale T = a?/D is calculated based on
the appropriate choice of contact radius for each geometry:

e Film: a = agy,, defined in Equation 11
e Symmetric particle: a = asymm., defined in Equation 12

e AFM particle: a = aparicte, defined in Equations 14 & 15

In Figure 4 we plot the normalised force response of each in-
dentation geometry for three different indenter sizes (and thus
three different contact radii), with time normalised by the appro-
priate poroelastic time scale a®>/D. Also shown for each geome-
try is the universal curve given by Equation 16. Collapse of the
data can be observed when plotted this way, along with excellent
agreement between the data and the universal curve. For the film
case, we can also compare the only previous analysis for films to
the present work, where in Figure 4c) we also plot the fit of Hu
et al. 17 (Equation 1). Equation 16 fits the numerical data better
than Equation 1 for the film indentation simulation results pre-
sented here.

The universal curve given in Eq. 16 means that it is now pos-
sible to analyse experimental measurements of particle compres-
sion in order to to determine the diffusivity D of the hydrogel
material.

3.2 Application to experimental measurements
In order to apply Eq. 16 to experimental data, we made poly-
acrylamide films and particles and performed compression exper-
iments in an AFM using a colloidal probe attached to a cantilever.
An example experimental measurement is shown in Figure 5 for
a polyacrylamide particle. The drive profile (inset of Figure 5a)
consists of three phases: approach, dwell and retract. The cor-
responding measured force on the cantilever over time is shown
Figure 5a), while Figure 5b) shows the more commonly reported
force-indentation curve, which does not capture the dynamic time
response of the material.

The shear modulus G can be calculated from the approach por-
tion of the force-indentation curve where the indenter is in con-

This journal is © The Royal Society of Chemistry [year]



0.001 0.01 0.1 1 0.001 0.01

a) t/t b)

0.1 1 0.001 0.01 0.1 1

t/t <) t/t

Fig. 4 Comparison of simulation results of the normalised force response as a function of time, normalised by the poroelastic time scale «?/D, to the
universal curve proposed in Equation 16 where the contact radius a is specific to the indentation geometry. a) The asymmetric indentation of a
poroelastic particle resting on a flat substrate by a spherical probe (AFM colloidal probe geometry), b) the symmetric indentation of a poroelastic
particle by a spherical probe (Hertz geometry), and c) a spherical indenter compressing a poroelastic film. The results of three different indenter sizes
for each case are shown: R, =5 um (blue squares), R, = 10 um (red circles), R, = 20 um (magenta triangles in c)) and R, = 100 um (magenta
triangles in a) and b)). Also shown are the universal curves derived in the present study (Eq. 16, dashed black line in a) - ¢)) and in Hu et al. 17 (Eq. 1,

dashed grey line in c)).

tact with the sample, using Hertz’s theory34:

16

3
2

17

where the effective indentation depth §, can be calculated using
the correction given in Equation 13 and the initial Poisson’s ra-
tio is vp = 0.5 when the indentation is fast enough that solvent
drainage is negligible. An example fit is shown in the inset of
Figure 5b). We use the approach data to calculate the shear mod-
ulus rather than the retract data, due to the influence of adhesion
when retracting. However, the adhesion does not affect the data
measured during the dwell phase3°.

The force measured during the dwell period is shown in Figure
5c), along with the universal curve in Eq. 16 used to determine
the diffusivity of the sample. Finally, the drained Poisson’s ra-
tio Ve can be calculated using the instantaneous and equilibrium
force responses of the material undergoing compression (F and
F., respectively) with the relation!”:

% — (1), (18)

In order to apply the universal curve derived earlier to the ex-
perimental data, we first need to ensure that the particles and
films are purely poroelastic. Polymer gels can exhibit both vis-
coelastic and poroelastic effects, where the former is caused con-
formational changes due to rearrangement of the polymer net-
work and the latter is caused by solvent migration through the
polymer network 16:19:20.38 ' The time-scale for poroelastic relax-
ation is governed by the size of the contact area between the
indenter and the gel, as the solvent has to migrate through the
network around the indenter and into solution. In contrast, the
viscoelastic time-scale is independent of the contact area. To con-
firm that the hydrogel films and particles displayed only poroe-
lastic behaviour, Figure 6 shows the normalised force response of

This journal is © The Royal Society of Chemistry [year]

a hydrogel film and particle as a function of time for a number of
different indentation depths. When time is not normalised, there
is no data collapse over different indentation depths for either
the film or particle data, indicating that the response is not vis-
coelastic. In contrast, when time is normalised with agamde, there
is collapse of the data for all indentations shown, demonstrating
that the size of the indenter determines the relaxation time of the
sample. This confirms that the there is a purely poroelastic re-
sponse to stimulus for both the film and the particle. The force
response of a polyacrylamide film undergoing compression shows
excellent agreement with the fitted universal curve derived ear-
lier (Equation 16), shown in Figure 7a). In contrast the universal
curve from Hu et al. 17 (Equation 1) fails to describe the data as
effectively, notably at shorter times.

There is excellent agreement between the experimental force
relaxation and the universal curve fit in comparison to the Hu
et al. 17 curve. For this particular experiment, we measured a
shear modulus G = 7.6 kPa, a Poisson’s ratio V.. = 0.36 and a dif-
fusivity D = 8.9 x 10~ 11 m?/s. These properties are in good agree-
ment with previous measurements of polyacrylamide films 3031,

Extending into geometries that have not been previously mod-
elled or analysed, Figure 7b) shows the force response of a 22.5
um radius polyacrylamide particle undergoing compression at
a smaller indentation depth § = 790 nm. Again, we see excel-
lent agreement between the experimental data and the universal
curve fit. Based on this fit, we calculated a shear modulus G = 4.8
kPa, a Poisson’s ratio v., = 0.39 and a diffusivity D = 2.4 x 10~
m?2/s. For this particular polyacrylamide particle, the shear mod-
ulus and the diffusivity are less than that of the polyacrylamide
film.

For accurate comparisons and to understand sensitivity to in-
dention depths, we did a range of measurements. For particles we
were constrained in our choice of indentation depths in order for
linear poroelastic theory to remain valid, whereas the film inden-
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Fig. 5 a) Measured force and indentation depth as functions of time
obtained from AFM using a colloidal probe of radius R, = 6.35 um
indenting a polyacrylamide hydrogel particle with radius R = 22.5 um.
The inset shows the applied drive profile used to indent the particle to a
depth 6 =790 um. b) The same force and indentation data plotted
parametrically to show the more commonly reported force-distance
curve. The inset shows the application of Hertz theory (with appropriate
correction due to the substrate indentation) used to extract the shear
modulus G from fitting the force measured when in contact during
approach. c) The same force data plotted as a function of time,
measured during the dwell only, along with the best fit of the universal
curve (Eq. 16).

tation depths we used were up to an order of magnitude larger.
The results are shown in Figure 8 and Table 1, along with the re-
sults of Kalcioglu et al. 31 who performed similar measurements
on polyacrylamide films using indentation depths ranging from 4
um up to 400 um. In contrast to the results of Kalcioglu et al. 3T,
who calculate material poroelastic properties by analysing an av-
erage force curve compiled from a number of experimental mea-
surements, we analyse each force curve individually and report a
range for each property.

Figure 8a) shows that the indentation depths used in this study
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Fig. 6 Experimental data of the normalised force response to different
indentation depths for polyacrylamide gel a) films and b) particles,
demonstrating that the material response is purely poroelastic, with no
viscoelastic relaxation present. Time has been normalised by a
where the contact radius for the particle is calculated using the
harmonic mean of the contact radii of the indentation due to the colloidal
probe and the substrate respectively (Eq. 15). The indenter radius is

R, = 6.35 um for both cases, and the particle radius in b) is R =27.4 um.
The same data as a function of time in seconds is shown in the inset of
each figure.
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Table 1 Mean values of material parameters measured for both films and particles. The standard deviation for each parameter is also shown.

Shear modulus Diffusivity Poisson’s ratio | Permeability | Relaxation time | Swelling ratio
G (kPa) D (10711 m2%/s) Voo k (1018 m?) 7 (s) Ao
Film 57+23 83+1.5 0.374+0.01 3.3+1.5 0.41 +0.34 2.9240.02
Particle 6.0+2.2 3.6+1.6 0.37£0.03 1.4 +1.1 0.08 +0.04 2.5 +£0.3
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Fig. 8 Analysis of experimental data from this work for polyacrylamide
films and particles undergoing constant-depth compression with a
33 1674 1'0,3 1'04 100 10° 10" spherical indenter compared to the existing film data in the literature.
b) Time, ¢ (s) Shown are a) the applied indentation depths, b) shear modulus G, c)

Fig. 7 Comparison of the universal curve given in Equation 16 with the
experimental force response as a function of time for a polyacrylamide
a) film at an indentation depth 6 = 3.56 um with colloidal probe of radius
R, =13.5 um, and b) particle of radius 22.5 um at an indentation depth
& =790 nm with probe radius R, = 6.35 um. The solid black line
indicates the best fit of Equation 16, and the dashed black line in a)
shows the best fit using the expression given in Hu et al. ' (Equation 1)

This journal is © The Royal Society of Chemistry [year]

diffusivity D, and d) Poisson’s ratio v... The data is displayed as
box-plots, where the height of the box represents the data between the
first and third quartiles (ie 50% of the data with 25% data below the box
and 25% above the box), and the line in the box represents the median
value of each quantity. The size of the whiskers represents the entire
span of each data-set. The results of film measurements by Kalcioglu
et al. 3 using instrumented indentation are shown on the left of each
plot, their measurements using AFM are second from the left, our
measurements of films are second from the right, and our particles
measurements are on the right.
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at least an order of magnitude less than those used by Kalcioglu
et al. 31, due to the restrictions imposed by the particle size. For
our film measurements, the indentation depths ranged from 460
nm to 5.5 um, and for the particle measurements we used inden-
tation depths in the range 130 - 790 nm. To our knowledge this
is the first time poroelastic properties have been measured using
experimental length scales < 1 um. To ensure an accurate mea-
surement, the solvent cannot drain appreciably during motion of
the indenter into the hydrogel. To control for this, we calculate
the relaxation time using the calculated diffusivity D and the con-
tact radius a and compare it to the approach time, defined as the
time spanning initial contact to maximum force. If the approach
time is greater than half the relaxation time, we do not include
the result in our final analysis (Fig. S3 in ESI).

Even with the smaller indentation depths used here, surface
roughness is not expected to have a significant effect on the anal-
ysed data, given that measurements on similar polyacrylamide
films yielding roughness values < 1 nm3?. Despite the disparity
in indentation depths, there is good agreement with the measure-
ments of Kalcioglu et al. 3! for the shear modulus G and the Pois-
son’s ratio V., of both films and particles. There is also excellent
agreement when comparing the film and particle measurements
of both the shear modulus and Poisson’s ratio.

There is a significant variation between our diffusivity measure-
ments and Kalcioglu et al. 3!, who report diffusivities in the range
(1.6 —2) x 10719 m?/s. In contrast, we measure lower film dif-
fusivities of 8.3 +1.5 x 10~ ! m?2/s, consistent with the measure-
ments of Lai and Hu “° using a dynamic indentation profile. This
difference can be partly attributed to variations in manufacturing
methods and materials, however the key difference between the
measurements is the three-stage approach profile we employ for
the measurements to reduce overshoots in indentation. An exam-
ple of this approach is shown in Figure S2, along with a one-stage
drive profile. In our approach, we drive the probe at a constant
speed (~ 40 um/s) into contact with the sample, and just before
we reach the desired indentation we introduce two short periods
of slower velocity before implementing the dwell at constant in-
dentation. This results in an indentation overshoot less than 1%,
and importantly the maximum error occurs right at the instant
the dwell is initiated, minimising the error in the measurement
of the force relaxation. In contrast, the one-stage drive profile
results in an overshoot of ~ 2.5%, occurring approximately 103
s after dwell has been initiated. The larger overshoot may lead
to under-estimates of the relaxation time and consequently give
over-estimates of the material diffusivity.

There is also a significant difference in the diffusivities mea-
sured for films and particles analysed in this study. The par-
ticle diffusivities were approximately half that of the film, D =
3.64+1.6 x 107! m?/s. In order to determine whether there are
any differences in the size of the polymer network for the films
and particles, we measured the swelling ratio of both films and
particles. The measured swelling ratios for the polyacrylamide
films and particles were 2.92 +0.02 and 2.5 4 0.3 respectively. Lai
and Hu*° recently characterised the diffusivity, along with other
properties, of polyacrylamide hydrogels as a function of swelling
ratio. Their diffusivity data is shown in Figure 9 along with our
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Fig. 9 Diffusivity of polyacrylamide hydrogels as a function of swelling
ratio. The grey squares represent measurements on films from Lai and
Hu 40, The red square and the blue circle are the film and particle data
from this study respectively.

particle and film measurements. Our measurements are consis-
tent with the results of Lai and Hu 4?, which show an increase in
diffusivity with swelling ratio.

The difference in swelling ratios between the particles and the
film is a result of differences in the fabrication methods. It is un-
realistic to expect that one can make a micro-particle in exactly
the same way as a bulk film because the reaction and mixing con-
ditions during synthesis will differ. These material differences be-
tween geometries emphasise that one must directly measure the
material properties of a micro-particle, not of a bulk film made
with the same components, in order to precisely characterise the
material and subsequently evaluate it suitability to perform re-
quired functions. Our results, when compared to the results of Lai
and Hu %0, suggest that if the swelling ratios of the films and the
particles are similar then the measured diffusivities would also be
similar.

In the context of drug delivery in vivo, the reduced diffusivity
measured for the particles relative to the films is an important
result with significant implications. The diffusivity is a measure
of how fast molecules can be released from particles in response
to external stimuli, of critical importance when considering for
example the targeted delivery of drugs in vivo. This difference
in diffusivities measured here between particles and films means
that conclusions regarding transport and release in hydrogel par-
ticles cannot be drawn from measurements performed on bulk
materials made with the same components.

Estimates of pore size using linear Flory-Huggins theory
based on the swelling ratios measured gives 23 +3 nm for the
films and 20+3 nm for the particles. Lai and Hu“? argue that
additional cross-linking mechanisms not accounted for in linear
Flory-Huggins theory are important in polyacrylamide hydrogels,
and instead use a model that assumes the pores are a series of
parallel cylindrical tubes along with permeability measurements
to predict a pore size ~ 10 nm for the hydrogels considered here.
However, the diffusivity of water in similar polyacrylamide hydro-
gels has been directly measured*® as ~ 1.8 x 10~ m?/s, which is
less than the self-diffusivity of water ( ~ 2.5 x 10~% m?/s at 25
C)#4. This implies that the pore size of polyacrylamide hydrogels
is of similar size to that of water molecules (~ 3 f\), much less

38,41,42
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than previously predicted.

4 Conclusion

We present the results of numerical simulations of a poroelastic
particle undergoing constant compression in order to determine a
universal curve of the resultant force relaxation. We demonstrate
that the appropriate poroelastic time-scale for a particle resting
on a flat substrate undergoing compression by a spherical inden-
ter is the harmonic average of the contact radii due to the indenter
and the substrate respectively. In order to validate the universal
curve of poroelastic particle compression, we perform experimen-
tal measurements, using indentation depths down to 100 nm, on
polyacrylamide films and micron-sized particles made with the
same components that behave purely poroelastically. In order to
avoid overshoot, and to minimise error, we employ a three-stage
approach profile prior to dwell at constant indentation. We show
that our universal curve is in excellent agreement with experi-
mental measurements of poroelastic particle relaxation. In addi-
tion, our universal curve is more accurate than that of Hu et al. 17
for the case of films, when applied to experimental measurements
of force relaxation.

We fit the universal curve to experimental data to extract poroe-
lastic properties of the polyacrylamide hydrogels, showing good
agreement between the films, the particles, and the previous mea-
surements of Kalcioglu et al. 3! for both the shear modulus G and
the Poisson’s ratio v... We measure film diffusivities that are ap-
proximately 50% less than reported by Kalcioglu et al. 31, but in
agreement with the measurements of Lai and Hu*® at similar
swelling ratios. Lastly we demonstrate that the mean particle dif-
fusivity is approximately half the film diffusivity, possibly due to
differences in the synthesis of the films and the particles. As a con-
sequence, care must be taken when extrapolating measurements
made on bulk materials in order to draw conclusions regarding
the behaviour of poroelastic particles. To avoid misestimations or
artefacts, it is advisable to instead directly measure the material
properties of a micro-particle, not of a bulk film made with the
same components.

With the universal curve presented here for particle compres-
sion, it is now possible to quantify the poroelastic properties of
biological entities such as cells, which have been shown to be-
have poroelastically*>, and hydrogel particles for drug delivery

in vivo %12,
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