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Solute transport through soft gels and tissues is intimately coupled to mechanical
stress and deformation of the macromolecular network. The aim of this study was to
investigate the effect of periodic mechanical stimuli upon solute transport through aga-
rose gels at different concentrations. For this purpose it was experimentally evaluated
the materials parameters that govern the coupling between elasto-dynamic and solute
transport: hydraulic conductivity (K), elastic modulus (H,), and macromolecular diffu-
sivity (Dg) along with their strain dependence behavior. Mechanical activated solute
transport simulation was carried out in order to elucidate the role of amplitude and
frequency of soliciting mechanical stimuli on mass kinetics release. Results show that
mechanical loading affects the release of macromolecules from a gel in a frequency
and strain dependent manner. These findings pave the way for novel strategies for the
design and engineering of smart drug delivery devices with transport mechanisms trig-
gered by mechanical stimuli. © 2008 American Institute of Chemical Engineers AIChE J, 54:

824-834, 2008
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Introduction

In the design of drug delivery systems for medicinal and
biotechnological applications quite often the solute transport
mechanisms through polymeric gels have been explored; for
this purpose passive diffusion kinetic models' have been
applied. In the mean time, it was soon established, that, other
transport mechanisms could govern solute temporal and spa-
tial delivery when the gel is under mechanical stress.*® The
role of external stimulation on solute transport has been
extensively investigated in both polymeric gels and biologi-
cal systems. While static compression has been shown to
reduce solute diffusivity and partitioning in biphasic sys-
tems,* external stimulation that ultimately invoked fluid con-

Correspondence concerning this article should be addressed to P. A. Netti at
nettipa@unina.it.

© 2008 American Institute of Chemical Engineers

824 March 2008

vection within the system could also induce an accelerated
release kinetic.””’ The design of delivery systems and load
history able to modulate and optimize macromolecular trans-
port within such systems remains a major scientific and tech-
nological challenge.

Early works reported results obtained for polyelectrolyte
systems that demonstrated the rise of solute transport rates
when fluid movement was increased by electro-osmotic
flow.? Fluid flow in soft gels can also result from applying
a dynamic compression. Under these conditions, during
studies performed on articular cartilage explants, it was
witnessed enhanced tissue biosynthetic activity, whilst cy-
clical loading was found to induce protein transport, such
as BSA and glucose-like solutes.®® Furthermore, it has
been possible to define an optimal combination of fre-
quency and loading amplitude. In other applications, it has
been established that dynamic mechanical environments
regulate the release of VEGF encapsulated in polymeric
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gels; in this case, blood vessel formation was found to
increase at the frequency and amplitude where growth fac-
tor release was accelerated.’”

In the light of these findings, the successful engineering of
drug delivery systems for several applications soon trans-
formed into a short-term scientific and technological expecta-
tion. Towards that end, several mathematical models have
been proposed. The multiphasic model is the most frequently
applied to couple transport and mechanics in soft gels and
tissue.'®' This approach, in particular, was used in the
study of macromolecules transport in solid tumors subjected
to constant pressure drug infusion.'® Furthermore, in a simi-
lar study by taking into account the viscoelasticity of
the solid fraction, transient solute evolution was shown to
be affected by the relaxation time of the network.'* Solute
release under periodic mechanical loading was recently the
subject of theoretical research.'>'® The existence of an opti-
mal combination of stimulation with material parameters that
are able to enhance solute transport was also assessed.

In the present study, agarose gels at different concentra-
tions have been used as models to survey macromolecular
release under cyclical loading in the finite deformations
range. The analysis presented herein consists of two-step pro-
cess: firstly the experimental evaluation of key parameters,
hydraulic conductivity (K), elastic modulus (H4), and molec-
ular diffusivity ratio (R) as a function of both gel composi-
tion and deformation has been carried out. The strain de-
pendent hydraulic conductivity relationship and elastic modu-
lus for agarose gels at different concentrations has been
assessed by means of incremental stress relaxation test.!’1?
FRAP technique'®** has been employed to evaluate effective
molecular diffusivity of BSA 67KDa in the gels (D) and in
free solution (D). Therefore, values of diffusivity ratio R
( = Dgy/Dy) has been obtained. In order to obtain a molecular
diffusivity coefficient sensitive to deformation,?’"*> Brink-
mans’ equation has been coupled with the hydraulic conduc-
tivity vs. strain relationship.

In the second step, experimental data have been used as
input material parameters to perform simulations on solute
transport in agarose gels subjected to periodic compressive
stimuli.

Mathematical Model

Governing equation for fluid transport and
gel mechanics

In this work, biphasic theory'®™'® has been employed to

evaluate material physical parameters and to perform solute
transport survey. A brief presentation of the field equations,
as well as constitutive laws describing the system will be pre-
sented. Hereafter, we will adopt the following nomenclature: u
and v are the solid displacement field and fluid phase veloc-
ity, d)f is the fluid volume fraction, ¢° is the solid volume
fraction, p is the fluid pressure, ¢ is total stress tensor, g° is

the stress generated in the solid matrix; K m* N7' s is
the hydraulic conductivity, while Darcy’s permeability, or
intrinsic permeability will be denoted by the letter & [m?].
The relationship between K and k is: K = k/n, where 1 [N s
m~ 2] is the fluid viscosity.

According to the biphasic theory, a polymer gel can be
seen as an intimate mixing of a continuous solid and fluid
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phase. The momentum balance on the entire system is:
V.g=0 (1)

The total stress tensor ¢ is composed by the stress in the
solid and in the fluid phgses, that under the assumption of
phase incompressibility and irrotational fluid velocity field
may be written as':

€
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where [ is the identity tensor. The constitutive equation for
the solid matrix assumed to behave as a hyperelastic solid,
can be expressed in one-dimensional case for large deforma-
tion as?>*:

, 1 -1 5
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where (=1 — 0u/0z) is the stretch ratio along the load axis
z (see Figure 1), Hag is the aggregate equilibrium modulus at
zero deformation (4 = 1) and f§ is a stiffening coefficient.
Because of this special case of mono-dimensional geometry,
all variables will vary along the coordinate z.'” Therefore,
the subscript “z” will be hereafter omitted.
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Figure 1. (a) Schematic representation of confined com-
pression test; (b) geometry used in the trans-
port simulations.
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The continuity equation on the entire system, assuming
intrinsic incompressibility for both solid and fluid phase, is'*:

z-(qbfﬁdf%):o 4)

For the specific case of confined compression geometry
(Figure 1), the continuity equation becomes: ¢ v.+
qﬁs% = const. The constant can be evaluated at z = 0, where
v :%: 0 V¢, so the relationship between fluid and solid
velocity becomes

- T Ou
oo 5
¢ ot ®)

The friction generated during relative motion between the
fluid and the solid phase is governed by the generalized
Darcy’s law:

: ou k
f =)= _ =
¢ <X 81) = nvp (6)

where the permeability k& was correlated to the deforma-
tion—in case of finite deformation—by the following
equation'”:

L=\’

k = ko (70) exp[M (> —1)/2] )
1— ¢

with the coefficient M that measures the sensitivity to the de-

formation, ¢; and ko are the solid volume fraction and

Darcy’s permeability at rest configuration respectively.

Governing equation for solute transport

To take in to account the solute transport in the gel, mass
balance for the solute phase has to be considered as estab-
lished by the following equation''*:

oc

—=-V.J 8

ot - ®)
where, C is the average mass concentration of the solute in
the gel, and J is the flux which is composed both by diffu-
sive and connective term. The constitutive equation for the
flux can be written as:

J=-D,NC + Cyv 9)
—— ~—~
Dffusion Convection

where i, named screening coefficient,” is a measure of the
relative velocity between the solute and the fluid within the
interstices and D, (=RD,) is the effective diffusion coeffi-
cient of the solute in the gel. To take into account the effect
of deformation on R, the model proposed by Pluen et al.,??

has been used:
O\ 2
exp | —0.84 ( <1 + ’—) ¢>
't
(10

where, r, is the Stokes radius for BSA set to 3.67 nm, r¢ is
the radius of agarose fibers set to 1.9 nm. The dependence of
R by the deformation indirectly appears via k and ¢°.

1.09
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Combining Egs. 1, 5, and 6 the governing equation of
gel elastodynamics can be written for the one-dimensional
case as'’:

0 k dc° &?
ou_ k 00°Ou an
Ot nl 04 922

while combining the Eqs. 8 and 9, mass transport in the gel
in the one-dimensional geometry (Figure 1b), is described by

2
ac_p 0

g
5 = Do (RC) + 15 (CY) (12)

0z

The set of Eqs. 11 and 12, describes the coupling between
molecular transport and deformation in a polymer gel in a
mono-dimensional case.

Before proceeding with the definition of the boundary con-
dition to solve the set of Eqs. 11 and 12, a discussion of the
assumptions made in the above equations is necessary. In
writing Eq. 12, we have not considered reversible binding
that may occur between the polymer matrix and the solute.
Binding may occur through electrostatic interaction between
different chemical groups present on the solute and on the
polymer, resulting in a molecular sticky effect. This may be
seen as retardation both on the diffusive and convective
transport occurring within the gel. Generally the presence of
reversible binding on diffusion transport in polymers is mod-
eled with a dual mobility approach.”® The existence of two
populations of the solute with two different mobility is postu-
lated, namely the free and the bound species. The free and
the bound species are related through a Langmuir-like
adsorption isotherm that describes the binding of the solute
molecule on the polymer backbone. By following this
approach one recovers the same formal structure of the diffu-
sion equation but the mutual diffusion coefficient is replaced
by an apparent diffusion coefficient that takes into account
the retardation because of binding.?’ The effect of the bind-
ing on convective transport can be included directly in the
screening coefficient y. Reversible binding between the sol-
ute and the polymer backbone will introduce a reduction of
the parameter y but the formalism of the equation will
remain substantially unaltered. However, it has to be men-
tioned that since the binding phenomena is generally a satu-
rable one, the effect of the binding brings about a strong con-
centration dependence both of apparent diffusion and screen-
ing coefficients at low concentration. Indeed, the binding will
manifest its effect at concentration below the saturation
threshold, while at higher concentration, when all the binding
sites are saturated, the process is expected to occur as no
binding was present.

The boundary conditions used in Eq. 11 to simulate peri-
odic compression can be expressed as follows:

u(h,t)=0, u(0,£)=Uy(1—cos(2nft)), u(z,0)=0  (13)

where U, is the imposed displacement amplitude and it was
set in order to give a deformation amplitude & = 0.05, 0.1,
and 0.15, f is the loading frequency. The sample is consid-
ered being at rest in the initial configuration.

The study of macromolecular transport focused upon
release kinetics in a gel where the initial solute concentration
is C,. The gel is assumed to be in contact with a porous plug
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whose thickness is h,. Porous plug allows fluid and mass
transfer from the gel to the bathing solution at concentration
C* (Figure 1b). Boundary conditions for mass transport have
been defined as follows:

ocC
— =0, C(0,1)=C;=2C*=0, C(z,0)=C, (14)
0z (hyt) P

where, ¢ is the partition factor depending on solid volume
fraction of the gel28 and C; is the concentration at gel/plug
interface. Nevertheless, solute concentration at the gel/fluid
interface has been assumed as the gel was directly in contact
with the bathing solution (C (0, ) =~ @C*). A detailed dis-
cussion on the assumptions made in writing the boundary
conditions is also necessary. Boundary conditions (Eq. 14),
are valid under the assumption that the mass transport resist-
ance within the porous plug are negligible compared to that
occurring in the gel and this implies that the plug has to
have a high hydraulic conductivity (elevated porosity) and
thickness much smaller than the gel. The mass transfer resist-
ance posed by the porous plug depends upon its hydraulic
conductivity, solute diffusivity and thickness. Because of the
dimensionless form of the governing equations, the assump-
tion that diffusive mass resistance in the plug is neglected is
valid if the ratio between gel and plug thickness (hy/hy) is
much higher than one. The simulation has been carried out
by assuming A, / h, > 50, where h, is the gel thickness.
Under these conditions, we can safely assume that the veloc-
ity field streamlines are continuous through the gel/plug
interface (elevated hydraulic conductivity) and that concen-
tration gradient and accumulation across the porous plug can
be neglected (thickness ratio much higher than one). Further-
more, assuming both infinite dilution and ideal mixing in the
bathing solution the external concentration has been set equal
to zero (C* =~ 0). It has also to be mentioned that the condi-
tions of elevated stiffness of the porous plug is necessary in
order to write Eq. 11. Indeed, if the porous plug was compli-
ant, than its deformation should be taken into account in order
to evaluate the displacement of the gel at the plug interface.

Furthermore, in Eq. 12, the screening coefficient (y) was
set to unity. According to Jhonston and Deen,*” this factor
depends upon the hydrodynamic radius of the solute, its
charge as well as the properties of the gel, and may assume val-
ues either greater or smaller than unity.'* Moreover, in order to
take in to account the reduction of the diffusivity ratio with the
deformation, R has been kept constant at strain offset &y/2.

Following the approach proposed by Mauck et al.,'” the
set of Egs. 11 and 12 and their boundary conditions (Egs. 13
and 14) were rewritten in term of the following dimension-
less variables:

L a=t i=DBy ¢=L, f=Lf (15

= L’ G J T

S

and the resulting equations discretized in the space domain
and arranged in a set of ODEs.

Experimental
Gel preparation

Agarose gels with concentrations of 2, 4, and 6% (W/v),
respectively, were prepared by dissolving agarose powder
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type VII (Sigma) in PBS 0.01M at 80°C. After complete sol-
ubilization the solution was cast in a stainless mould in order
to get cylindrical disks of 10 mm in diameter and 1 mm in
thickness and keep at 4°C to allow gelling. In the following
sections, it will be referred to agarose 2, 4, and 6% as gel2,
gel4 and gel6, respectively.

Mechanical testing

The plugs were tested with a Dynastat mechanical spec-
trometer (IMASS Inc) operated at displacement control
(stress-relaxation mode). The mechanical apparatus was inter-
faced with a computer by DAQ PCI-MIO 16XE NATIONAL
INSTRUMENTS and controlled by LABWIEV® National
Instruments. Each plug was placed inside a smooth confining
cylindrical polycarbonate chamber. The top surface of the
specimen was loaded in compression through a porous filter.
Prior to the actual tests a preconditioning compression of 5%
was applied on the construct in order to allow the correct
positioning of the specimen in the chamber. In the following
stress-relaxation test, the specimen was displaced by a
sequence of compression ramps each with a duration of the
period 7o = 60 s at a rate of Vy = 1.6 um s L. Each ramp
induced a 5% strain followed by a relaxation phase of
~ 1000s. Load evolution was registered by a load cell and
the stress was evaluated by dividing the load value over the
cross section (Figure la). Furthermore, from the values of
the plateau stress the corresponding stress strain equilibrium
curve was obtained (Figure 2a).

Darcy’s permeability and aggregate modulus evaluation

The mechanical and fluid transport parameters evaluation
has been carried out by curve fitting experimental stress
relaxation curve by solving the Eq. 11. The prescribed
boundary conditions to Eq. 11 have been set as follows:

Vor - 0<t<1
Votg =ty <t

u(O,t):{ , u(h,t)=0, u(z,0)=0 (16)

The procedure used to evaluate the parameters Hag, f§, ko,
and M has been carried out in a similar fashion to that devel-
oped by Ateshian et al.,'” and Iatridis et al.,'® for cartilagi-
nous tissue and used elsewhere'® for agarose-chondrocytes
constructs. Equation 3 has been employed to evaluate the pa-
rameters Ho and f3, via curve fitting equilibrium stress strain
curve shown in Figure 2b. Then, the theoretical stress at
interface ¢¢(0u/0z)|,_, has been employed to fit the experi-
mental stress relaxation curve with Xy and M as fitting pa-
rameters.

Diffusion coefficient measurements

For the diffusion measurements cylindrical samples of aga-
rose (2%, 4%, 6% w/v) were incubated for 18 h in a medium
containing 0.02 mg/ml of 68-kDa bovine serum albumin
(BSA) fluorescein isothiocyanate (FITC)-conjugated (Molec-
ular Probe).

Diffusion coefficients of the probe were measured by the
fluorescence recovery after photobleaching (FRAP) tech-
nique. The in-house-made apparatus is composed of an
upright microscope (AX60 Olympus), a mercury lamp
(100 W; USH-02D Ushio) equipped with a shutter, an argon
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Figure 2. Mechanical test performed on agarose gels at 2% (O), 4% (), and 6% (/) (w/v).

Stress relaxation tests (a). Equilibrium stress—strain curves (b) Data show an increase in mechanical properties with gel concentrations.

laser (488 nm; Innova 90-2) with shutters, a spatial filter
(100 mm; M900 Newport) aligned with the microscope opti-
cal path, a charge-coupled device (CCD) camera (PEN-
TAMAX, Princeton Instruments), and a personal computer
(PC) to store and analyze the images acquired. A selected
region of the fluorescent sample was exposed briefly to
intense monochromatic laser light, causing local photobleach-
ing. The process of fluorescence redistribution was recorded
in a series of digital images and then processed. The diffu-
sion coefficient was evaluated via spatial frequency analysis
(SFA) as described elsewhere.'®?° The time synchronization
between laser shutter, camera shutter, camera, and Hg lamp
was controlled through Metamorph journals (Metamorph,
Image Analysis Software) and the images were analyzed via
a specifically developed Matlab™ (MathWorks) program.
FRAP experiments were repeated five times for each sample
and for free solution. In this manner, the ratio between effec-
tive diffusivity in the gel and diffusivity in solution (D4/D)
was determined.

Results
Darcy’s permeability and aggregate modulus

The first step of this work has been the evaluation of non-
linearity of the system in terms of Darcy’s permeability, elas-
tic modulus and molecular diffusivity in different agarose
gels. Stress relaxation tests indicated that the mechanical
strength of agarose gels increased with gel concentrations
(Figure 2a). This is also confirmed by the equilibrium stress—
strain curve illustrated in Figure 2b, where mechanical stiff-

ness of agarose gels increased with gel concentration. For up
to 15% of strain no significant variation with deformation
was detected; stiffening parameter f in Eq. 3 was close to
zero and did not show any particular variation trend with
agarose concentration.

At deformation values greater than 15%, a decrease of me-
chanical modulus was observed. This effect was probably
due to plasticization phenomena or to a different type of non-
linear elasticity; both factors were not taken into account in
the network constitutive equation (Eq. 3). The curve fitted
value for H,qo increased with gel concentration showing a
trend that is in agreement with previous literature reports>—
data are shown in Table 1. In Figure 3, Darcy’s permeability
correlation with strain at each gel concentration was obtained
by plotting Eq. 7 with the values of K, and M obtained by
curve fitting the raw data acquired during the stress relaxa-
tion tests. The initial solid fraction ¢j value was evaluated
as previously reported by Pluen et al.,”* and Johnsonn and
Deen.*® The Darcy’s permeability at zero strain k(, decreased
with agarose concentration as reported also by Johnsonn and
Deen.” Coefficient M did not show any specific trend of var-
iance with agarose concentration: 2.36 * 0.89 at 2% (w/v),
2.85 = 2.10 at 4% (w/v) and 1.75 = 0.98 at 6% (w/v) (see
Table 1).

However previously reported measurements of Darcy’s
permeability were carried out in small deformation range and
the strain dependent relationship was generated by introduc-
ing the dependence of porosity with deformation.”” This may
explain the minor differences between the results of the latter
survey and our work; these, in turn, may also be due to the

Table 1. Physical Values of Agarose Gels in Table are Reported Elastic Equilibrium Modulus at Zero Strain (H 5(), Intrinsic
Hydraulic Permeability (ko), Strain Dependent Hydraulic Permeability Coefficient (M) as Mean * s.d With n = 3, Obtained
by Curve Fitting Stress Relaxation; Diffusivity Ratio Data (R = D,/D,) as Mean * s.d With n = 5 Obtained by
FRAP and Values of ¢, Obtained by Ref. 28

Gel (% w/v) ¢} [Ref. 28] kp [nm?][Ref. 30] H o [KPa] Ko [nm?] M D/D,

2 0.0190 616 72 + 3.1 660.4 + 90.96 2.36 = 0.89 0.81 = 0.07

4 0.0390 132 17.6 = 2.5 133.5 + 44.18 2.85 + 2.10 0.53 = 0.02

6 0.0585 33 51.8 =58 43.0 = 18.30 1.75 = 0.98 0.41 = 0.05
828 DOI 10.1002/aic Published on behalf of the AIChE March 2008 Vol. 54, No. 3 AIChE Journal
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Figure 3. Darcy’s permeability vs. strain for agarose
2% (O, @), 4% ([, W), and 6% (A, A) (W/v).
Empty markers refer to data obtained in this work. The
curves are obtained by plotting Eq. 7 with data reported in

Table 1. Data labelled by full markers refer to strain de-
pendent permeability obtained by Gu et al.”

approximation in evaluating the deformation field in the sam-
ple by using a linear biphasic model.

Furthermore, it has also to be mentioned that the conditions
of elevated hydraulic conductivity along with high stiffness of
the porous plug are necessary in order to assure that the pres-
ence of the porous plug can be neglected to analyze the me-
chanical data and hydraulic conductivity data. Indeed, if the
hydraulic conductivity of the porous plug would be comparable
or less than the hydraulic conductivity of the agarose gel, than
the mechanical data would be affected by the hydrostatic pres-
sure gradient across the porous plug. We have verified, before
carrying the mechanical experiment, that the hydraulic conduc-
tivity of the porous plug was several order of magnitude higher
than the hydraulic conductivity of the agarose gel.

Diffusivity ratio

The values of diffusivity ratio in the free swelling state
decreased as gel concentration increased. The values of R
against ¢ for FITC-BSA are shown in Figure 4 by empty
circles. In order to take into account the effect of deforma-
tion on molecular diffusivity, a modified Brinkman equa-
tion’s has been used (Eq. 10). This equation has been eval-
uated using Darcy’s permeability and solid volume fraction
values at zero strain. As shown in Figure 4 (full circles/dot-
ted line), the predicted values of R at zero strain were in
good agreement with the experimental values of R at zero
strain (Figure 4, empty circle). Consequently, Eq. 10 has
been used to obtain the values of diffusivity at each level of
deformation by means of the relationship between hydraulic
conductivity and deformation (Eq. 7). As shown in Table 2,
the diffusivity ratio R decreases by increasing deformation at
each agarose concentration.

Simulation of solute release
The physical parameters Hy,go, 5, Ko, M, and R obtained
experimentally, were used to simulate the solute transport

AIChE Journal March 2008 Vol. 54, No. 3
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¢S
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Figure 4. Diffusivity ratio (R = D,/D,) of BSA in agarose
gel at different gel concentration.

Empty markers are experimental data obtained with FRAP
and full markers/dotted line is the prevision of diffusivity
ratio by using Eq. 10.

and release from agarose gel under cyclical loading. Simu-
lation have been carried out by solving the dimensionless
form of Egs. 11 and 12, with boundary conditions
expressed in Eqgs. 13 and 14, using the physical parameters
reported in Tables 1 and 2. Sample thickness hg was set to
0.001 m; displacement loading frequency varied within the
range from 0.001 to 1 Hz. The values of diffusivity used
in Eq. 12 at each level of strain amplitude are reported in
Table 2.

All simulations were performed up to a computational
time of 15,000 s. In Figure 5a is reported the concentration
profile (C/Cy) within the gel at final computation time.
Boundary conditions are respected, with zero concentration
at interface (z/h = 0) and no flux at bottom (z/h = 1). The
distortion in the profile induced by mechanical stimulation is
evident. In Figure 5b the rates of mass released from gel are
illustrated as the ratio M,/M,. M, is the bioactive agent mass
in the gel at time ¢, calculated by integrating the concentra-
tion profiles along sample thickness over time, and M, is the
mass at time zero, respectively.

As shown in Figure 5b the rate of macromolecular mass
release was found in general to increase with loading frequency.
At low frequency and amplitude, no significant differences
between diffusive (f = 0 Hz) and mechanical activated transport
(f > 0 Hz) were recorded. By increasing the loading frequency
and amplitude, the mass transfer is accelerated through the gel.

Table 2. Diffusivity Values Used in the Simulation

R = Dy/D,
Gel (%) &2 = 0.025 &/2 = 0.05 &2 = 0.075
2 0.797 0.777 0.768
4 0.577 0.562 0.547
6 0415 0397 0.383

Published on behalf of the AIChE

Data were obtained by coupling Eqs. 7 and 10. Reported data refer to strain
amplitude ¢&y/2 (=0.025, 0.05, and 0.075).
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To evaluate the differences in mass released at final computa-
tional time, the mass release gain (G) has been introduced:

G = 100|(mcony — mdiff)/mdiff|r:15,ooo s a7
where m,, is the mass released by convection/diffusion and
mage 1S the mass released by simple diffusion. The results
graphically illustrated in Figure 6, show the variance of G for
gel2 as a function of frequency, at three different strain ampli-
tudes (¢ = 0.05, 0.10, 0.15). More specific, at 5% of strain am-
plitude (Figure 6, solid line) G monotonically increases with
frequency. Higher G values were obtained by increasing strain
amplitude. At strain amplitude of 15%, G reached a maximum
with frequency. In Figure 6—dotted-line—are also shown the
predicted values of G for agarose gel6, at 15% of strain ampli-
tude; the gain for gel6 behaves in a similar fashion. A slight
increase of G values when compared to gel2 was observed.
Along these lines, G variance curve for gel4 had a similar
sigmoid-shape (data not shown) to the ones already drawn for
agarose gel2 and gel6, respectively.

Data reported in Figures 5 and 6, indicate that the kinetics
of solute transport depend upon load parameters, frequency
and amplitude, as well as of physical parameters K, H, and D.

To investigate the synergistic effect of material and load-
ing parameters on the mechanical/transport behavior of the
system, simulations have been carried out by varying dimen-
sionless parameters describing the elastodynamics of the
biphasic systems15 :

KH . K »

Rgzla;f:@f;Pe:SQng (18)
where R, represents the ratio between the characteristic diffu-
sive time of solute in the gel Td = h*/RDj to the percolation
time Tp = h?/KH; f represents the ratio between percolation
time to period of the solicitation and P, is the Peclet number
of the system. It is important to note that the dimensionless
frequency corresponds to the Deborah’s number of the

system, De.31
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The curves illustrated in Figure 6 were analyzed in the
light of above mentioned dimensionless parameters. In Fig-
ures 7 and 8, are shown the predicted values of gain obtained
by varying the dimensionless parameters. As shown in Figure
7, by keeping the strain amplitude constant at 0.05, while
increasing R, from 10 (Figure 7 solid line) to 1000 (Figure 7
dotted line), the gain was also increased. Moreover, the
effect of strain amplitude was investigated, as shown in Fig-
ure 8; in particular, at constant R, = 10, by increasing the
strain amplitude from 5% (¢ = 0.05, Figure 8 solid line) to
20% (¢ = 0.20, Figure 8 dotted line) the gain was increased.

Results shown in Figure 7 indicate that the gain values are
more affected by R, than by strain amplitude. The deforma-
tion affects primarily the inflection point of the curves, as
well as the maximum of the G curves.
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Figure 6. Gain in mass released with frequency.

Data correspond to prevision on G for agarose 2% at ¢ =
0.05 (continuous line), ¢ = 0.10 (dot-dashed line), ¢ = 0.15
(dashed line). In figure is also reported data relative to aga-
rose 6% at ¢ = 0.15 (dot-line).

March 2008 Vol. 54, No. 3 AIChE Journal



100 - - T - aaae - —

80 |
— 60 |
3
=
c
‘T
(U] 40
20
0.001 0.01 0.1 1

Frequency [Hz]

Figure 7. Influence of Ry on gain.

The curves were obtained at constant deformation (¢ =
0.05), and by varying R,. R, = 10 (solid line), 100 (dashed
line), 1000 (dot line).

Discussion

The aim of this work was to study the effect of mechani-
cal loading on solute transport in soft gels used as matrices
in drug delivery systems and tissue engineering applications.
As material model agarose gel has been used, while nonlin-
ear biphasic theory was employed to characterize the mate-
rial and to simulate solute distribution within it.

The material properties that regulate mechanical, fluid, and
solute transport in soft gels are hydraulic conductivity, aggre-
gate modulus, and macromolecular diffusivity.'> Since large
deformation has been taken into account, it was necessary to
evaluate both hydraulic conductivity and aggregate modulus
vs. deformation relationships. Furthermore, the influence of
deformation upon the diffusion coefficient has been quanti-
fied as well. Measurements of solute diffusivity in agarose
gel at zero strain have been performed by using FRAP tech-
nique. With the apparatus employed for our purposes, it was
not possible to evaluate the relationship between diffusion
coefficient and deformation. To overcome this limitation and
to recover the dependence of diffusivity by deformation, the
experimental Darcy’s permeability was introduced in the
modified Brinkman’s equation (Eq. 10).

Simulation of solute transport within polymeric gels for large
deformation, suggested interesting dependence trends of release
profile upon frequency. Simulations have been carried out by
using physical material parameters, named Darcy’s permeability
(k), elastic modulus (H,), and macromolecular diffusivity (D),
experimentally evaluated on agarose gels. Therefore, the simu-
lated results should be regarded as a numerical prediction. A
similar approach has been recently used by Mauck el al.'> and
Sengers et al.,'® although it was assumed physical material
properties not dependent on deformation, and their values were
lent by literature. Furthermore, the solute transport has been
investigated both under static condition and dynamic loading.
The influence of dynamic load on equilibrium partition factors
at steady state has been reported. In this work, our attention has
been focused upon the evolution of the release kinetics, and in
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particular, how mechanical deformation, frequency and materi-
als properties affect the transport mechanism.

The solute concentration profile within the gel at final
computation time (Figure 5a) was evidently different in the
presence of mechanical stimulation, when compared to sim-
ple diffusion (f = 0 Hz). Furthermore, as shown in Figure
S5a, the concentration at each material coordinate in the
loaded case, was lower than the concentration in the
unloaded case and therefore faster mass release from the gel
(Figure 5b). In order to define the influence of material prop-
erties and loading conditions (frequency and deformation) on
mass transport, the gain function (G) has been featured (Eq.
17). In Figure 6, the gain (G) for the gels calculated for dif-
ferent frequency values are reported and parametrized as a
function of loading amplitude. The function G is sigmoid-
shaped, showing values close to zero at low frequency fol-
lowed by a sharp transition where G increased rapidly reach-
ing a plateau at higher frequencies. The shape of the curves
changes depending upon deformation amplitude and gel com-
position. Although all the curves present a similar sharp
change of curvature, with the onset of the curvature change
at a cut-off frequency (f.) some of them also present a maxi-
mum at a given frequency (fi,.x).- The change of curvature
indicates a transition between a diffusion controlled transport
region (f < f.) to a convection enhanced transport region (f
> f.). In some cases, a maximum in G is observed due to a
positive combination of mechanical stimulus and material pa-
rameters that maximise the enhancement in mass transport
due to convection. It can be seen that for different curves, f,
Jimax> and Gax, depend upon gel composition and loading pa-
rameters. Therefore, their behavior can be further investi-
gated in the light of the governing dimensionless parameters
(Eq. 18). At constant deformation, the curves are “iso-R,”,
and, therefore, the competition between percolation and dif-
fusion is governed by the loading parameters; concomitantly,
by increasing the frequency D, and P, also increase.

On the other hand, at constant frequency by increasing the
deformation, R,, D., and P, vary, and the trend of variance
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Figure 8. Effect of deformation on gain.

The curves were obtained at constant R, = 10, and by vary-
ing strain amplitude; ¢ = 0.05 (solid line), 0.10 (dot-dashed
line), 0.15 (dashed line), 0.20 (dotted line).
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depends on the interdependence of physical parameters and
deformation. The slight increase of Gy, observed in the
gel6 at ¢ = 0.15 when compared to that of gel2, can be
interpreted as the result of P, variation. Indeed, R, decreases
from 90 to 35 for gel2 and gel6, respectively. Gpax i
expected to decrease by decreasing R, (Figure 7); this result
clearly demonstrates that R, is not the unique parameter that
affects Gax. At ¢ = 0.15, P, for gel6 is about double of that
for gel2, contributing further on convective transport.

Moreover, as shown in Figure 6 a transition occurs between
the two transport mechanisms in a frequency dependent man-
ner. The cut-off frequency (f.) is the parameter that defines the
switch over. At frequencies below the f., the principal release
mechanism from the gel is simple diffusion. In this frequency
range, the gain is low and the kinetics of transport mechanism
is mainly governed by D,. This becomes also evident in Figure
5, where the normalized mass release variance plots at low fre-
quencies fit well to kinetic profiles governed by diffusion
kinetics (Figure 5, f = 0 Hz).

Gain sharply increases for load frequency values higher
than f,, indicating that convection is taking place, and, there-
fore, not only there is an enhancement in gain, but also a
change of the release kinetics. Indeed, in Figure 5, at higher
frequency the profile of mass released is different by diffu-
sion kinetics.

The cut-off frequency depends mainly upon strain ampli-
tude and less on material properties. As shown in Figure 7,
by increasing R, by three orders of magnitude the cut-off fre-
quency f, remained unchanged, but G,,,x increases. In Figure
8 the effects of strain amplitude on the gain curve are
reported. At constant R,, the strain amplitude increase low-
ered the cut frequency f.. In this case G, is also affected,
but the variation is more flat compared to Figure 7.

By analyzing the curves reported in Figures 6-8 it was
shown that after the inflection point the gain can reach a pla-
teau or a maximum value as a function of frequency. This, in
turn, has been tentatively interpreted as the effect of Deborah’s
number on fluid velocity field. In general, Deborah’s number
strongly affects the mechanics of polymer gels31; in the case of
biphasic systems, it influences also the fluid velocity. As
depicted in Figure 9, at high Deborah’s number values, a high
velocity field is confined in the region close to the surface of
the system while the fluid velocity is close to zero in the
deeper region. At low Deborah’s number, the velocity field is
more homogeneously distributed, but the intensity is lower.

Therefore, at high D, only the layers close to the surface
are able to transfer mass from the gel, even though at a
higher velocity the amount of solute released is decreased.
This could lead to saturation phenomena (or inversion in
some cases) observed for G at higher frequency and strain
amplitudes. The predictions on the kinetics of solute trans-
port, presented in Figures 5-8, give important hints for opti-
mizing a delivery protocol. Once determined the physical
properties of the gel and the bioactive agents, in terms of
elastic moduli and hydraulic conductivity and macromolecu-
lar diffusivity, the dimensionless parameters are known.
Therefore, it is possible to determine one or more optimal
load frequencies which fulfil the requirements in terms of
delivery time and kinetic release.

The model presented herein, reveals interesting features of
the coupled macromolecular transport under periodic me-
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Fluid Velocity Amplitude [10°m s™]

Normalized Depth [z/h]

Figure 9. Effect of De on fluid velocity filed reported as
fluid velocity amplitude vs. gel depth para-
metric in f.

Fluid velocity increase with Deborah’s number. The effect is
evident mainly in the region close to the surface (z/h = 0).

chanical stimuli. In spite of assumptions, the formulation
does describe in a satisfactory manner the influence of
dynamic mechanical stimuli on coupled elastodynamics and
fluid transport mechanisms in macromolecular biphasic sys-
tems in the field of large deformations.

Implication for Drug Delivery

The model prediction will be further exploited to formu-
late novel approaches that will help in enhancing and con-
trolling macromolecular distribution within soft hydrated tis-
sues to optimize drug delivery protocols to be used in ther-
apy and diagnostics. These approaches include direct flow
infusion protocols that may be improved by oscillating infu-
sion pressure or flow as well as by defining periodic mechan-
ical deformation of the tissue.

Indeed, the present study provides the means to improve
the design of drug delivery systems based on polymeric mat-
rices. Polymeric hydrogels have been largely used as bioac-
tive agents delivery systems.l_3 Generally, these devices are
engineered to operate under mechanically static conditions.
In vitro studies have shown that under dynamic loading con-
ditions, solute transport in polymeric matrices (i.e., tissue
explants or hydrogels) is affected by mechanical load.®'***
Furthermore, in vivo studies have proven that mechanical
stimuli are able to guide the release of bioactive agents9 and
to promote and modulate tissue regenerations.’*> By adopt-
ing the approach proposed in this work and by others,"
namely understanding the fundamentals of the coupling
between mechanical stress and deformation and mass trans-
port in gels will render plausible the design of “smart” drug
delivery systems, actively bio-responsive and triggered by bi-
ological mechanical stress. The results reported in Figure 6—
8, clearly show that bioactive agent release profiles may be
properly tuned and modulated, for a given mechanical envi-
ronment by an accurate choice of material properties. Indeed,
it is possible to tune the release activation on mechanical
stimuli, such as frequency and strain amplitude, and at the
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same time, control the release kinetics of virtually, any bio-
logical agent through the material properties such as elastic
moduli and hydraulic conductivity of the gel.

The effect of mechanical stimuli on the release of bioactive
agents depends upon physiochemical properties of the polymer
matrix and the diffusing drug as well as on their interaction.
Therefore to design polymer gel matrices that may take advant-
age of controlling release profile of bioactive drug in upon the
biomechanical dynamic environment the effect of the main
drug parameters that control the transport process should be
discussed. In particular the drug molecular weight and its
charge may have profound effect on the mechanism of deliv-
ery. In general, convection enhanced transport is more effective
on high molecular weigh molecules and therefore better per-
formance of mechanically-activated drug delivery platforms
should be expected for large therapeutics. The switching
behaviour showed in Figure 7, is more likely to be observed
for large therapeutics than for small molecular weight drugs,
although this depend upon the ratio between the solute and
polymer gel mesh sizes. This is corroborated by experimental
evidence that mechanical activated delivery from polymer gels
is very effective for large molecular weight growth factors
such as VEGF.” Drug charge may effect the extension of re-
versible binding between the drug molecule and the polymer
network influencing both diffusion and convection transport.
Highly charged molecule may interact strongly with the poly-
mer network leading to a strong retardation, or apparent hin-
drance, to transport and therefore reduce the effect of convec-
tion enhanced delivery. However, this effect is expected to be
more evident at low concentration while it is supposed to van-
ish at high drug concentration when all the binding sites of the
polymer network are saturated.

The survey presented here, which couples the mechanical
deformation with the transport of macromolecules within a
polymer gel, is a tool in the service of engineering polymer
matrices with a fine control of release profiles depending
upon the preset mechanical environment. Furthermore, our
macromolecular transport simulation model will serve to
optimise the techniques for enhancing drug loading efficiency
in polymer gels. Eventually, our model will find application
also in bioreactor design and tissue engineering’*> as its
adoption will make possible the optimisation of load history,
gel scaffold properties and bioactive agents transport mecha-
nism modulation, in concert with cell requirements and to
tune ultimately tissue growth and biosynthesis.

Conclusion

Biphasic theory has been adopted and used to describe the
coupling between mass transport and gel mechanics in the
large deformation range. The model indicates that by tuning
the material parameters it is possible to design platforms able
to actuate and control release kinetics. Of particular interest
the frequency switch predicted for these materials that may
deserve further experimental validations.
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