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Abstract

This study reports experimental measurements of solute diffusivity and partition coefficient for
various solute concentrations and gel porosities, and proposes novel constitutive relations to
describe these observed values. The longer-term aim is to explore the theoretical ramifications of
accommodating variations in diffusivity and partition coefficient with solute concentration and
tissue porosity, and investigate whether they might suggest novel mechanisms not previously
recognized in the field of solute transport in deformable porous media. The study implements a
model transport system of agarose hydrogels to investigate the effect of solute concentration and
hydrogel porosity on the transport of dextran polysaccharides. The proposed phenomenological
constitutive relations are shown to provide better fits of experimental results than prior models
proposed in the literature based on the microstructure of the gel. While these constitutive models
were developed for the transport of dextran in agarose hydrogels, it is expected that they may also
be applied to the transport of similar molecular weight solutes in other porous media. This
quantification can assist in the application of biophysical models that describe biological transport
in deformable tissues, as well as the cell cytoplasm.

Introduction

In many biological tissues, it has been shown that dynamic loading can promote biosynthetic
activity and prevent tissue degradation. For example, in articular cartilage, cyclical loading
in the range of physiologically relevant frequencies promotes glycosaminoglycan and
protein synthesis, whereas static loading inhibits this process 48. This type of response has
also been observed in cartilage tissue engineering studies, where dynamic compression has
been shown to promote better mechanical properties in comparison to unloaded controls 36~
38 |t is generally believed that dynamic loading may increase cellular activity via two
pathways: A mechano-transduction pathway whereby cells respond to the loading
environment directly, through integrin-mediated responses or molecular conformational
changes transduced to the nucleus; and an enhanced solute transport pathway whereby
loading increases the supply of nutrients, growth factors, cytokines, morphogens, etc.,
leading to greater matrix synthesis.

In an effort to elucidate the role of solute transport in dynamically loaded porous tissues, we
previously extended the framework of mixture theory & 7» 16, 25, 39, 55 tg specifically
accommodate the interaction of solutes with the solid matrix of a tissue 3°, generalizing the
classical framework of Fick’s diffusion where solutes only interact with the solvent. In this
framework, two diffusion coefficients emerged naturally from the formulation, one that
describes solute diffusion in free solution, involving the frictional drag between solute and
solvent, and another that describes solute diffusion in the porous tissue, also involving the
frictional drag between solute and solid matrix. Thus, this theoretical framework could
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naturally describe the well-attested observation that solutes diffuse at different rates inside a
porous medium than in free solution 14,

An intriguing theoretical prediction emerged from this framework, which had not been
previously anticipated 3%: Accordingly, under sustained dynamic loading, this theory
predicted that the solute concentration inside the tissue would rise to values far exceeding
those achieved under passive diffusion (no loading). In effect, the theory suggested that
dynamic loading could pump the solute from the external bathing solution into the tissue,
against its concentration gradient, thereby describing an active transport process. Since this
outcome had never been previously reported from experiments, we subsequently performed
a series of studies where agarose hydrogels of various porosities were exposed to dextran
solutions of various molecular weights, and confirmed these earlier theoretical predictions
unequivocally 2. For certain combinations of gel concentrations and dextran molecular
weights, solute uptake was enhanced up to sixteen-fold relative to passive diffusion, and
results suggested that higher values could be achieved with longer loading durations. Thus, a
fundamental mechanism of active transport in deformable porous tissues was discovered
through these studies, initially motivated from theory. Importantly, the theory would not
have predicted these enhancements in solute uptake if the diffusive drag between solute and
solid matrix had been neglected; indeed, the pumping mechanism described by this theory is
contingent on the solid matrix exchanging momentum with the solute.

Another interesting theoretical development advanced in this earlier study 3° was the
formulation of a constitutive relation for the chemical potential of solutes that explicitly
accommodates the well-known phenomenon of solute partitioning in a porous medium 27:
42 Though well recognized experimentally, it appears that the concept of partitioning had
not been previously incorporated into theoretical frameworks of transport in porous media.
In a subsequent theoretical study, we adapted this framework to the analysis of osmotic
loading of cells ® and discovered that we could extend the classical model formulated by
Kedem and Katchalsky 2*: In the K-K model, which models the cell as a fluid-filled
membrane, when a cell is loaded osmotically with a membrane-permeant solute, its volume
decreases initially but eventually recovers to its initial value as the internal concentration of
the membrane-permeating solute eventually rises to the external value. In our extended
framework, the cell is modeled as a gel-filled membrane, where the membrane-permeant
solute may be partially partitioned out of the porous gel (representing the cell protoplasm).
A consequence of this partitioning is that the cell does not recover its initial volume at
steady state, since a smaller cell volume is required to match the internal and external solute
concentrations.

Thus, our theoretical framework predicted that partial volume recovery following osmotic
loading with a membrane-permeant solute could be explained by passive mechanisms
(solute partitioning). Prior experimental studies either overlooked this partial volume
recovery 26 or attributed it to active transport processes 33 known to regulate cell volume 18,
To verify that our theoretical framework described a feasible mechanism, we conducted
osmatic loading experiments on alginate beads, using dextran solutions of various
concentrations and molecular weights 1 and confirmed that partial volume recovery could
indeed occur even in the absence of a membrane and active membrane transporters, in a
manner fully consistent with the theory. We have since applied this framework to analyze
the volumetric response of chondrocytes to various osmolytes with similar success .

A critical concept emerging from these prior studies is that suitably formulated theoretical
frameworks for solute transport in porous deformable media may motivate novel hypotheses
relevant to the study of biological tissues and cells, and guide the design of experiments to
test these hypotheses. When combining solute transport with porous deformable media, we
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find that theoretical frameworks are still under development, since basic concepts long
recognized from experiments (such as hindered solute diffusion, and solute partitioning in a
porous medium) can be incorporated in a variety of ways into theory, sometimes yielding
new and unexpected predictions. In the mixture framework extended in our recent studies >
35, it was assumed to a lowest-order approximation that solute diffusivity and partitioning
are constant material properties in the model. However, it is known from experiments that
these properties may vary significantly with solute concentration 28: 40: 44 and with gel
porosity 12: 22, 28, 32, 46, 47 Indeed, osmotic loading of cells with membrane-permeant
osmolytes may involve a wide range of concentrations in certain applications, ranging for
example from 0 to 1.4 M %6, The resulting variations in diffusivity and partition coefficient
can be described in the theory by incorporating suitable constitutive relations whose
formulation needs to be deduced from experimental measurements.

Therefore, the primary objective of this study is to perform measurements of solute
diffusivity and partition coefficient for various solute concentrations and gel porosities, and
use constitutive relations to describe these observed values, proposing phenomenological
formulations as required. The longer-term aim of this study is to explore the theoretical
ramifications of accommodating variations in diffusivity and partition coefficient with solute
concentration and tissue porosity, and investigate whether they might suggest novel
mechanisms not previously recognized in the field of solute transport in deformable porous
media.

Prior studies have proposed microstructurally motivated constitutive relationships between
solute diffusivity and various parameters that include the gel fiber volume fraction 34, as
well as the Stokes-Einstein radius of the solute, and the permeability of the gel to the
solution 13: 17, 21, 2245 These models are usually valid for very dilute solutions, although
some extensions have been provided to adjust for the solute concentration 13 15,
Furthermore, the more accurate versions of these models 17+ 21: 22 rely on a prior knowledge
of the Darcy permeability of the gel to the solution, whose value needs to be determined
from experiments. In contrast, in the continuum framework of mixture theory, knowledge of
the microstructure of the gel and solute is not required explicitly. Constitutive models for the
diffusivity and partition coefficient may be formulated as functions of the gel porosity and
solute concentration alone, though it follows that the material coefficients appearing in these
constitutive models will vary with the choice of solute type and molecular weight, as well as
gel or porous medium type. Therefore, the constitutive models investigated in the current
application differ in their scope from the prior literature.

The current experimental study implements a model transport system of agarose hydrogels
to characterize the effect of solute concentration and hydrogel water content on the transport
of dextran polysaccharides. Agarose hydrogels are commonly used as a porous medium in
molecular transport studies 10+ 22: 30, 46 and also serves as a promising scaffold material for
cartilage tissue engineering 3’. Dextran polysaccharides are readily available in a large range
of molecular weights where they mimic the transport of various solutes and proteins. This
study examines the dependence of the dextran diffusion coefficient as well as the
equilibrium partition coefficient in agarose on solute concentration. Measurements of the
diffusion coefficient are obtained from fluorescent recovery after photobleaching (FRAP). In
order to facilitate the measurement of dextran transport properties at high concentrations, a
technique is employed as previously described by Laurent et al. 28; solutions are prepared
with dilute concentrations of fluorescein-conjugated dextran and supplemented with higher
concentrations of unlabeled dextran of the same molecular weight. In principle, fluorescent
intensity measurements of the conjugated species represent average properties of the solute,
under the assumption that the dextran chemical properties are unaffected by conjugation.
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The FRAP technique is commonly used to measure solute transport in membranes and other
porous media. However, the implementation of this procedure can vary considerably in
terms of bleaching parameters and recovery processing 2. Therefore, in this study, an
additional experiment was conducted to directly measure the diffusivity of dextran in
agarose; the radial uptake of dextran into agarose disks was experimentally monitored,
modeled through Fick’s Law, and used to validate the FRAP protocol.

Type VII hydroxy-ethyl agarose (Sigma, St. Louis, MO) was cast at 2%, 4%, and 6% w/v in
phosphate buffered saline (PBS). Tracer solutions of 70 kDa and 10 kDa fluorescein
conjugated dextran (Invitrogen, Carlsbad, CA) were prepared in PBS at a concentration of
0.5 mg/mL. These dilute tracer solutions were supplemented with non-conjugated dextran
(Sigma) of equal molecular weight, yielding a broad range of solution concentrations (7 uM,
0.1 mM, 0.5 mM, 1 mM, 2 mM, 3mM for 70 kDa; 50 uM, 20 mM, 35 mM, and 50 mM for
10 kDa).

Diffusivity Measurements from FRAP

Fluorescent recovery after photobleaching (FRAP) was used to measure the diffusivity of 10
kDa and 70 kDa dextran at all prepared concentrations in 2%, 4%, and 6% agarose
hydrogels, as well as in free solution (n=3 per each gel porosity, and each dextran
concentration group). Agarose disks (@4mm x 1.5 mm) were incubated in dextran solution
for 24 hours and then placed in a modified Petri dish with a glass bottom to allow
fluorescent imaging. While in the dish, samples were placed in a custom-made static loading
device and subjected to a 10% axial compressive strain. A confocal microscope (Olympus
IX70, Fluoview acquisition software) was used at a 488 nm laser emission with a 10x
objective (3.04 um/pixel) to image the center of the disk on its bottom surface focal plane. A
narrow line (* 1.5 x 0.1 mm) was bleached across the sample at 100% laser intensity for 60
seconds and recovery scans at a 6% laser intensity were subsequently acquired at regular
time intervals. For each image, a custom image processing routine (Matlab, Mathworks,
Natick, MA) was used to obtain intensity profiles perpendicular to the bleached line. The
one-dimensional diffusion equation for a Gaussian initial distribution can be modeled by

W= (1)

w>=4Dt @)

where the fluorescence intensity, I, is a function of time, t, and position along the profile,
X ; M is the total amount of bleached species, and D is the diffusion coefficient 11: 52, A
least-squares curve-fitting algorithm was used to extract D using these relations.

Partition Coefficient Measurements

Agarose hydrogel disks (81.5 mm x 1.5 mm) of 2%, 4%, or 6% were incubated in 10 kDa
or 70 kDa dextran solution at each of the prepared concentrations for 24 hours (n=3 per
group). After this period, disks were placed in the custom loading device under a nominal
compressive strain (* 1%) and exposed to the same dextran solution. A confocal image of
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half the circular cross-section and surrounding bathing solution was acquired on the bottom
surface focal plane of the disk. A custom Matlab routine was used to determine the average
fluorescent intensity in the external bathing solutiong as well as the radially averaged
intensity in the disk. The solute concentration in the disk, c(r,t) , normalized to the bathing
concentration cpat, , Was calculated as a ratio of the intensity in the disk, I (r,t) , to that in the
bathing solution, lpath :

c(r,n)y 1 I(r,1)
Coath  Pw Iparn (3)

where g, is the water volume fraction of the gel. At equilibrium, the solute concentration in
the gel becomes uniform, c,yq , and this formula yields the partition coefficient x of dextran
in the gel,

Cavg
K= —

Chath (4)

Measurements from Disk Absorption

Results

A dextran-free agarose disk (@1.5mm x 1.5mm) was placed in the custom loading device
under a 10% compressive strain and exposed to a dilute bathing solution (10 kDa or 70 kDa
fluorescein conjugated dextran — 0.5 mg/mL; n=3 per molecular weight). The testing
chamber was covered and bathing solution was circulated at a rate of 25 mL/min with a
peristaltic pump (Manostat, Vera Varistaltic). Confocal images of half the disk’s circular
cross-section and surrounding bathing solution were acquired at the disk’s bottom focal
plane at regular time intervals under the aforementioned settings. For each image, the
concentration inside the disk normalized to the bathing solution was determined at radial
positions (r/a= 0, 0.25, 0.5, 0.75) through Eg. (3). The normalized spatial-temporal
response for one-dimensional radial diffusion can be modeled by Fick’s Law,

o0

) 1 r 7\
—=|1-2Y — ( —)ex (—D—,,r
Cbath ’ m2:077n J1(ym) oym a P a-

(5)

where « is the partition coefficient of the gel, a is the disk radius, Jy and J; are Bessel
functions, and yy, is the m-th root of Jy (y ) . This relation was simultaneously curve-fit to the
responses at all four radial positions to extract the diffusion coefficient D and partition
coefficient x .

Diffusivity Measurements from FRAP

Samples subjected to the FRAP procedure exhibited a photobleached line whose cross-
section depicted an intensity profile with a Gaussian distribution that decayed over time
(Fig. 1). Equation (1) yielded w? for each profile, which was observed to vary linearly with
time (R2= 0.992 + 0.02 for all samples), allowing for the determination of the diffusion
coefficient from Eq.(2). For both dextran molecular weights, at the dilute concentration, the
diffusivity was found to be highest in free solution and decreased exponentially with
increasing agarose gel concentration (Fig. 2). For each agarose gel concentration, the
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diffusivity was also found to decrease exponentially with increasing dextran concentration.
For both dextran molecular weights, the dependence of the diffusivity on gel water content,
#w , and solute concentration, ¢, was curve-fitted to the constitutive relation

1-¢, :
D(¢, c)=Doexp (—aD 3 ¢ CC )
w D

where Dy is the diffusivity in free solution (when ¢, = 1) and in the limit of zero
concentration, and ap and cp are governing material constants. The exponential form of this
constitutive relation is motivated by the experimental observations. Furthermore, this
function reduces to reasonable values under various limiting conditions: For very dilute
solutions ( ¢ — 0), the resulting expression reduces to a special case of the constitutive
model for ion diffusivity proposed by Gu et al. 17 (see their equation 11); in the limit of very
high solute concentrations ( ¢ — ©9) it predicts zero diffusivity ( D — 0); in the limit of zero
porosity (¢y — 0) it also predicts zero diffusivity ( D — 0); and in the limit of a pure
solution (¢ — 1) it predicts only an exponential dependence on solute concentration, with
D — Dy in the limit of very dilute solutions. The two-dimensional curve-fit of Eq.(6) to the
experimental data (Fig. 2) yielded the values listed in Table 1.

Partition Coefficient Measurements

For partition coefficient measurements at dilute concentrations, « was found to be
consistently higher for the lower molecular weight dextran, and decreased with increasing
agarose gel concentration (Fig. 3). For all samples, x was found to increase exponentially in
response to increasing dextran concentration, nearly reaching a steady-state value at the
highest dextran concentration. For both dextran molecular weights, the response of the
partition coefficient versus gel water content, ¢, , and solute concentration, ¢ , was also
curve-fitted to an empirical constitutive relation,

k(B €)=(Koo = Ko)(1 — €™/*) 4 )
where,
K0(¢“,-)=¢$0(1 - Q'Oln(bw), Km((ﬁw):(bﬁ‘x(l - aooln(bw) (8)

kg is the partition coefficient in the limit of zero concentration and x « is the partition
coefficient in the limit of large concentrations; ag o« , and c, are governing material
constants obtained from curve-fitting (Table 1). The expressions in Eq.(8) are valid over the
entire range 0 < ¢, < 1. The form of Eq.(7) is motivated by the observed exponential
dependence of the partition coefficient on solute concentration; in the limit of very dilute
solutions ( ¢ — 0) it yields x — xg; and in the limit of very concentrated solutions (¢ — o)
it yields ¥ — xco. The form of the equations in Eq.(8) is motivated by the need to produce a
sigmoidal response varying from x = 0 to « = 1 as the gel porosity ¢, increases from 0 to 1.
This type of sigmoidal response (Fig. 4) is consistent with the expectation that pore sizes
vary over a continuous probability distribution function, and that solutes may only occupy
pores that are sufficiently large to accommodate them.
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Measurements from Disk Absorption

In cylindrical 2% agarose disks, the dextran concentration increased with time, reaching
equilibrium faster at radial positions closer to the periphery of the disk (Fig. 5). Eq. (5) was
simultaneously curve-fitted to four normalized positional uptake responses yielding mean +
standard deviation values of D= 24.3 + 1.2 um?/s, x = 0.62 + 0.03 for 70 kDa dextran (R?=
0.996 + 0.002), and D= 69.7 + 2.7 um?/s, x = 0.81 + 0.02 for 10 kDa dextran (R2= 0.989 +
0.004). For both molecular weights, the diffusivity values obtained from disk absorption
were not statistically different (p>0.16) from the values obtained from FRAP in 2% agarose
at dilute concentrations ( D= 26.8 + 2.3, for 70 kDa dextran; D= 77.2 + 18.0 for 10 kDa
dextran, Fig. 7). However, the values obtained for x were significantly lower than the
measurements acquired from the aforementioned confocal imaging of equilibrated 2%
agarose disks (x =0.76 + 0.02, for 70 kDa dextran; x =0.95 + 0.03, for 10 kDa dextran).

Discussion

This experimental study characterizes the role of solute concentration on molecular transport
in porous media through the investigation of dextran polysaccharides in agarose hydrogels.
Results show that, as previously reported 13, increases in solute molecular weight and
hydrogel concentration (1—¢,, ) decrease solute diffusivity D and the partition coefficient «
in the gel. It is also demonstrated that solute concentration ¢ influences these transport
properties as well. Increased solute concentrations decrease the diffusivity of dextran in the
gel (Fig. 2), while increasing the partition coefficient (Fig. 3).

The constitutive models proposed for D(gy, ¢) and x (dy , €) in this study, Egs. (6)—(8), are
able to faithfully describe the influence of all these factors on the diffusivity and partition
coefficient of this transport system. A benefit of these models is supported by the near unity
correlation coefficients in curve-fitting the experimental data (Table 1), as well as their
ability to predict experimental trends previously reported in the literature.

The first observation from these experiments is that both the solute diffusivity and partition
coefficient in the gel decrease with increasing gel concentration. The role of gel
concentration in hindering molecular transport is commonly observed and attributed to
hydrodynamic and steric factors 17: 22: 53 a5 well as electrostatic effects 13: 51, The
decreased pore size found in denser gels promotes increased frictional interactions between
solutes and the gel solid matrix, resulting in a decreased solute mobility as well as increased
solute exclusion.

Many previously developed theoretical models have attempted to characterize this hindered
diffusion of solutes in porous media at dilute concentrations. The framework proposed by
Mackie and Meares 34 suggests that for small molecules, the hindered solute diffusivity
depends only on the porosity of the solid network. This constitutive model does not provide
adjustable parameters and, in principle, is applicable for small solutes only. Indeed,
according to the data acquired in this study, this model significantly overestimates the
diffusivity of dextran in agarose (Fig. 6). Other constitutive models have been proposed,
which require prior knowledge of the pore size and assumptions about the pore shape (e.g.,
circular, rhomboidal, elliptical and rectangular cross-sections, or slit geometry), as reviewed
by Deen 13; these models are more suitable for membranes than gels 22, and furthermore,
since the pore size of the Type VI agarose gels used in this study is unknown, a direct
comparison of the current results with these prior models is not attempted here.

Constitutive relations have also been proposed that relate the solute diffusivity to the gel
solid fraction (1—¢,, ) and the ratio rg/rs of the solute’s Stokes-Einstein radius and the gel’s
fiber radius, in the forms 41
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D=Dgexp —(1+ﬁ)_(1 - ¢w)‘
ry

9)

and 43

D=Dyexp (—;—S V1= ¢w)
f

(10)

These relations are applicable to dilute solutions; using r; = 1.9 nm for agarose 21, and r, =
4.7 nm for 70 kDa or rg = 1.7 nm for 10 kDa dextran, predictions from Egs.(9)-(10) are
compared to our experimental results in the case of dilute dextran concentrations, showing
poor agreement for both dextran molecular weights (Fig. 6).

More recently, Phillips et al. 4> have proposed an effective medium approach for predicting
solute hindrance in the gel, based on Brinkman’s equation °. This formulation was further
extended by Johnson et al. 22 in the form

-1
D=DoS (f)

rs 1 rg 2 rS2
1 - =1+ — (1 = ¢y
+x/1?+3(«/1?)‘ f(+rf)( )

(11)

where K is the Darcy permeability of the solution in the gel and S(f) is a steric factor
calculated from the effective diffusivity of a molecule in an array of fibers. In their
comparison to experimental data, they used a formulation obtained by Johansson and
Lofroth 20,

S(f)=exp(—0.84f"%) (12)

and reported better agreement than with Egs.(9)-(10). Indeed, a comparison of Eq.(11)
against our experimental data, using values of x from Johnson and Deen 23, similarly shows
better agreement than Egs.(9)—(10) in the case of 70 kDa dextran, though significant
deviations from experiments remain apparent. With 10 kDa dextran, none of the models in
Egs.(9)-(11) provide satisfactory predictions.

In comparison, the phenomenological constitutive model of Eq.(6), shown in Fig. 6 in the
limit of dilute solutions (¢ — 0), fits the experimental data very faithfully. As mentioned
above, this limiting case of Eq. (6) represents a special form of the model proposed by Gu et

al. 17,
rs (1_¢ )”/2 ﬁ]
Va\ éw (13)

where o, #, a and n are material coefficients to be obtained from curve-fitting.

D=Dgexp | -«
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In summary, the comparisons presented in Fig. 6 demonstrate that the accuracy of
constitutive models formulated based on assumptions about the microstructure is not
guaranteed; these models must always be validated against experimental measurements. The
approach advocated in this study, consistent with prior continuum formulations of transport
problems in porous media 17: 19: 26 s to fit phenomenological constitutive relations to
experimental data, rather than rely on microstructural models. Within this context, the
formulation of Eq.(6) extends the existing models in the literature by also incorporating the
effect of solute concentration on the hindrance within gels of various concentrations. It is
remarkable that agreement across multiple values of solute concentrations ¢ and gel
porosities ¢, may be achieved with the simplicity of Eq. (6). Furthermore, unlike some of
the models described in Egs. (9)—(11), Eq. (6) predicts sensible limiting values over the
entire range of ¢y, (0 < ¢, < 1) and ¢ (0 < ¢ < ©2). In this curve-fitting approach, the
material coefficients must be obtained experimentally for each combination of gel (or tissue)
type and solute.

The role of solute concentration on the hindering of solute diffusion in the agarose gel is
also an expected finding based on previously reported investigations. Prior studies have
found a decrease in the intradiffusion coefficient of dextran solutes in highly concentrated
dextran solutions 28, as well as in the diffusivity of dextran in concentrated solutions of other
polymers 44. These findings have been attributed to additional hydrodynamic frictional
interactions due to added solutes in solution. However, most of these studies have
investigated this diffusion hindrance only in the absence of a solid network. The results from
the current study demonstrate that for increasing solute concentration in the presence of a
solid gel network, the dextran diffusivity exponentially decreases towards a value of zero.

It is interesting to note that in a few studies where this solute concentration-dependent
behavior in gels has been investigated, it has been reported that the diffusion coefficient D
increases slightly with increasing solute concentration ¢ 10: 30, contrary to our findings (Fig.
2). However, these earlier studies were conducted under different experimental conditions
where the observed diffusing medium was initially solute-free (akin to our disk absorption
studies for dilute dextran concentrations, Fig. 5). One of the inherent benefits of using FRAP
for our experiments is that it provides a direct method for tracing the diffusion of solutes
even while the dextran concentration in the diffusing medium remains unchanged; indeed,
FRAP tracks the diffusion of unbleached dextran molecules through a region initially
comprised of bleached dextran molecules. This technique avoids potential confounding
experimental artifacts that arise from large variations in dextran concentration, such as
alterations in solute diffusivity and partitioning with transient changes in concentration, as
well as transient contraction of the deformable hydrogel resulting from osmotic effects 1.

It is also encouraging to observe an independent validation of the FRAP protocol used in
this study. For dilute dextran concentrations (which avoid the potential artifacts mentioned
above), statistically equivalent values of diffusivity were observed through the modeling of
radial uptake into a cylindrical disk (Fig. 7). In contrast, the observation that the partition
coefficients obtained under the equilibrium measurements were higher than those obtained
from the disk absorption study most likely results, in part, from the difference in the applied
compressive strain (1% strain in the experiment used exclusively to measure the equilibrium
partition coefficient, Fig. 3, versus 10% strain in the disk absorption experiment used to
measure diffusivity and partition coefficient, Fig. 5). Additionally, the measured free
solution diffusivity for 70 kDa dextran is in the same range as values reported in previous
studies 31 44,

In the case of the partition coefficient x , past studies have explored either the influence of
gel porosity ¢, >3, or the influence of solute concentration ¢ 30. Tong and Anderson used the
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exponential form of Ogston 4! (Eq.(9) with D replaced by « and Dy set to one) to fit their
experimental data by adjusting the fiber radius, achieving good fits. However, for the
experimental data obtained in the current study, x was observed to reach unity for values of
#w < 1, making that type of exponential fit unsuitable for this kind of response, as shown in
Fig. 4 in the limiting cases of dilute solutions and concentrated solutions. In order to capture
the observed response as ¢, approaches unity, a novel formulation was implemented as
shown in Eq.(8) and Fig. 4, to accommodate the role of the gel porosity. In the opposite
limit, as ¢, approaches zero, this relation forces « to similarly reduce to zero, as would be
expected. The effect of solute concentration on « has been modeled using an excluded
volume theory 29 30 which uses microstructural information such as solute and gel fiber
size and requires the numerical solution of a couple system of nonlinear equations. In the
current study, the dependence of x on c is described faithfully (Fig. 3) by the simple
exponential relation of Eq.(7), a relation that holds consistently over the entire experimental
range of values of ¢, using only a single curve-fitted parameter c,. Thus, the novel
constitutive relation presented in Egs. (7)—(8) presents many advantages, including relative
simplicity, no reliance on prior knowledge of the material microstructure, and a well-
behaved response over the entire range of ¢, and c . However, the corresponding material
coefficients must be obtained experimentally for each combination of gel (or tissue) and
solute.

It is also interesting that while the solute diffusion coefficient was observed to decrease with
increasing dextran concentration, the equilibrium partition coefficient of dextran in agarose
was found to increase. This counterintuitive finding is consistent with previously obtained
measurements for a variety of molecules in porous media 8 30: 4, Originally, this effect was
attributed to a decrease in the solute dimensions that can occur in highly concentrated
solutions, which would reduce steric exclusion from gel pores 0. However, as this behavior
has also been observed with globular protein molecules, which possess a relatively fixed
morphology, a more recent theoretical framework attributes this effect to electrostatic
interactions between the solutes and pore walls 4.

In summary, the empirical constitutive relations for D(g,, , ¢) and « (g , ¢) formulated in
this study allow for the accurate characterization of the influence of gel and solution
concentration on solute transport properties. While these constitutive models were
developed for the transport of dextran in agarose hydrogels, it is expected that they may also
be applied to the transport of similar molecular weight solutes in other porous media. This
quantification of dependence of molecular diffusion and partitioning on solute and hydrogel
concentrations can assist in the application of models that describe biological transport in
deformable tissues, as well as the cell cytoplasm.
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Fig. 1.

(A) Representative intensity profiles of recovery of bleached line during FRAP, at four
selected time points. Solid curves represent curve-fits of Eq.(1) to each profile, producing a
value for w2 at each time point. (B) Plot of w? versus time for the same FRAP test. The
slope of the line is proportional to the diffusion coefficient according to Eq.(2).
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(A) Diffusion coefficient versus dextran concentration for 70 kDa dextran. Solid curves
represent curve-fit of Eq.(6) to the experimental data. (B) Diffusion coefficient versus
dextran concentration for 10 kDa dextran. Solid curves represent curve-fit of Eq.(6) to the

experimental data.
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(A) Partition coefficient versus dextran concentration for 70 kDa dextran. Solid curves
represent curve-fit of Egs.(7)—(8) to the experimental data. (B) Partition coefficient versus
dextran concentration for 10 kDa dextran. Solid curves represent curve-fit of Egs.(7)—(8) to
the experimental data.
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Comparison of experimental results and model fits for the partition coefficient in the limit of
dilute (xp) and high solute concentrations (x «), as a function of agarose gel solid content
(1—¢\y ) for the 70 kDa dextran. Solid lines represent the sigmoidal models of Eq.(8) and
dashed lines represent the exponential model of Ogston 41 as used by Tong and Anderson %3,
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Fig. 5.

Representative case of normalized concentration uptake for 2% agarose exposed to 70 kDa

dextran at 7 uM. Solid curves represent curve-fit of Eq.(5) to the experimental data.
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Fig. 6.

Comparison of experimental results and various models for the hindrance to solute diffusion,
D/Dg , in the limit of dilute dextran concentrations. (A) 70 kDa dextran, and (B) 10 kDa
dextran. See text for description of various models.
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Comparison of diffusivities of 10 kDa and 70 kDa dextran as measured from FRAP (Fig. 1)
and disk absorption (Fig. 5), in the case of dilute concentrations in 2% agarose. No statistical
differences were observed between the two methods (p>0.16).
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