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dissociation/association. To understand which parameters can be used to tune release, we used a mathematical
model based on simple binding kinetics. A comprehensive asymptotic analysis revealed three characteristic regimes
for therapeutic release from affinity-based systems. These regimes can be controlled by diffusion or unbinding kinet-
ics, and can exhibit release over either a single stage or two stages. This analysis fundamentally changes the way we
think of controlling release from affinity-based systems and thereby explains some of the discrepancies in the liter-
ature on which parameters influence affinity-based release. The rate of protein release from affinity-based systems is
determined by the balance of diffusion of the therapeutic agent through the hydrogel and the dissociation kinetics of
the affinity pair. Equations for tuning protein release rate by altering the strength (Kp) of the affinity interaction, the
concentration of binding ligand in the system, the rate of dissociation (k) of the complex, and the hydrogel size and
geometry, are provided. We validated our model by collapsing the model simulations and the experimental data
from a recently described affinity release system, to a single master curve. Importantly, this mathematical analysis
can be applied to any single species affinity-based system to determine the parameters required for a desired release
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1. Introduction

The advent of controlled release systems is transforming the field of
drug delivery, offering improved pharmacokinetics, minimized dosing,
and safer treatments. There are several methods to control the rate of
therapeutic release, including encapsulation in degradable polymeric
particles [1,2] or rods [3,4] and affinity-based systems [5,6]. Affinity-
based release systems are particularly interesting because they do not
require organic solvents and high shear stress for fabrication,
which can degrade some therapeutics. This is especially important
for the increasing number of protein therapeutics being investigated
[7]. Although previously often limited to heparin-binding proteins
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[8-15], new, broadly applicable affinity release systems are now
emerging [5,16]. Despite this exciting new approach to control re-
lease, a comprehensive understanding of how release of therapeutic
agents from such systems can be modulated is often limited to trial-
and-error experimentation, rendering the process resource and time
intensive. A mathematical model is warranted to provide insight into
which factors are most important to control the rate of therapeutic
release from affinity-based delivery systems, and how these factors
can be modulated to obtain a desired release profile.

Several groups have previously used mathematical models to predict
release profiles of small molecules or proteins from various affinity-based
hydrogels. Sakiyama-Elbert and coworkers have extensively investigated
and modeled the release of heparin-binding growth factors from
heparin-binding peptides immobilized within a fibrin scaffold. This com-
plex system uses two independent affinity interactions to govern protein
release: that of heparin with the immobilized heparin-binding peptides
and that of the growth factors with heparin [8,9,17,18]. Lin and Metters
used a mathematical model to understand the in vitro release of hexa-
histidine tagged green fluorescent protein or bovine serum albumin
from metal-chelating hydrogels [19,20]. Similarly, Fu et al. modeled
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release of hydrophobic small molecules from cyclodextrin hydrogels [21].
More recently, Koehler and coworkers modeled the release of a low
molecular weight peptide from a polyethylene glycol hydrogel
[22], while Fan et al. modeled release of PDGF-BB from aptamer-
functionalized hydrogels [23]. These models have broadened our
understanding of the mechanisms controlling affinity-based protein re-
lease from hydrogels; however, no general guiding equations in terms
of the kinetic constants, gel thickness, protein diffusivity, and binding
ligand concentration, among other factors, have emerged from these
studies. Furthermore, there have been inconsistencies in the observa-
tions of factors affecting release. For example, some groups have noticed
that the dissociation kinetics of the complex impact release [19] where-
as others have found these kinetics to be irrelevant (personal communi-
cation, [17]). The type of release profile observed has varied between
different affinity systems and within the same system. Some groups
observed a single timescale of release [17], others two timescales of
release [24], and others a combination of the two [25]. Finally, the effect
of hydrogel geometry has yet to be investigated.

In this work, we used a mathematical model to simulate affinity-
based protein release from a model affinity-based system comprised
of an injectable hydrogel scaffold modified with SH3-binding peptides
and a therapeutic fusion protein, such as recombinant human fibroblast
growth factor 2, expressed with the Src homology 3 domain (SH3-
rhFGF2) (Fig. 1) [5]. This system is broadly applicable to any protein
that can be expressed as a fusion with SH3 and has been recently
demonstrated with another protein, chondroitinase ABC [16]. This
model, describing a single species affinity system, was first shown
by Lin and Metters [19] and subsequently used by others [21-23].
We demonstrate agreement between the model and these experi-
mental systems and we also delineate simple inequalities that dem-
onstrate how binding affinity (Kp), the concentration of binding
ligand, rate of dissociation (k), and hydrogel thickness and geometry
affect the protein release profile. Interestingly, protein concentration
does not affect release dynamics (see Supplementary Information
Fig. S1). Importantly, this model provides new insight into the capa-
bilities and limitations of single species affinity-based delivery sys-
tems, and also provides design guidelines to achieve desired release
profiles.

[ SH3-binding peptide

O hydrophobic junctions

methyl cellulose ’ SH3 - rhFGF2

hyaluronan

Fig. 1. Affinity between hydrogel-bound SH3-binding peptides and the SH3 domain
controls the release of a therapeutic fusion protein, SH3-rhFGF2. Reprinted with permis-
sion from [5]. Copyright 2011 American Chemical Society.

2. Materials and methods
2.1. Mass transport dynamics

Simple binding kinetics, similar to those previously described by
Crank [26], were used to model affinity-based controlled release. The
experimental systems that we modeled were those of SH3-rhFGF2
and SH3-ChABC from hydrogels modified with SH3-binding peptides.
Importantly, the model parameters used herein were not obtained
through regression analysis, but rather independently measured or
chosen to reflect our specific system. The model parameters used in
the generation of each figure are detailed in Table S2. The experimental
data validates the adequacy of the model to describe this type of system.
Thus, any physically valid parameters can be used to predict the release
of a protein from an affinity-based controlled release system.

Several assumptions relevant to the model are detailed in the sup-
plementary information (SI). The affinity-based system controls release
of freely diffusible SH3-rhFGF2 or SH3-ChABC (protein) through an
equilibrium reaction between the protein and immobilized SH3-
binding peptide (peptide), which forms an immobilized protein-peptide
complex (complex). Fig. 2A shows a schematic diagram of the experi-
mental release system including the transport processes occurring in
each region. The hydrogel serves as a scaffold material in the system.
The conical geometry used in the mathematical model mimics that of
the experimental in vitro release system and can be changed for other ge-
ometries. The rates of association (k,,) and dissociation (ko), commonly
expressed as the dissociation constant (Kp), determine the strength of the
affinity interaction (Eq. (1)), which regulates protein release from the hy-
drogel into the release media.
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Fig. 2. Schematic diagram for affinity-based delivery from hydrogels modified with SH3-
binding peptides. The conical geometry is incorporated in the model to mimic the in vitro ex-
perimental methodology. A) Transport processes within the system. Freely diffusible SH3-
rhFGF2 or SH3-ChABC (protein) can reversibly bind to hydrogel-immobilized SH3-binding
peptides (peptide) to form an immobilized peptide-protein complex (complex). B) The ge-
ometry of the system. The hydrogel spans z = 0 to z = L(4 mm height) and the release
media spans z = L toz = b (18 mm for SH3-rhFGF2 and 7.6 mm for SH3-ChABC). The conical
portion of the tube spans z = 0 to z = a(3.2 mm). Theta (6) is the angle of the tube from the
vertical (54.6°) and R (4.5 mm) is the radius of the tube.
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Here, Cpyro, Cpep and Com are the molar concentrations of the free
protein in the gel matrix, the uncomplexed or free peptide and the
complexed or bound peptide, respectively. Diffusivity of SH3-rhFGF2
or SH3-ChABC (D,,,) through the hydrogel and release media was
estimated using a modified Stokes-Einstein-Sutherland equation
(Eq. (2)) where: Tis the temperature (K); pis the viscosity of the release
media (water is used as an estimate); and MW, is the molecular
weight of the fusion protein SH3-rhFGF2 or SH3-ChABC [27]. It was as-
sumed that protein diffusivity through the gel and release media were
not significantly different as the hydrogel is highly water-swollen
(96% water w/w) and its pore sizes are significantly greater than the
size of the protein [28,29].

9.940x10° " T

u- \3/ M Wpro

The mass transport within the hydrogel can be described using mass
balances for protein and complex. The concentration of free protein
(Cpro) changes due to diffusion from the gel as well as association or
dissociation with the bound peptide:

Dy 2)

ot ?ar or 922 _koncpro (Cpep,T_Ccom) + koffccom‘
3)

9Cpro DO <racpm> . Dazc,m,

Due to the nature of the geometry, we have employed the axisym-
metric cylindrical co-ordinate system (r, z), where r is the radial distance
from the axis, and z is the axial co-ordinate measured from the base of the
tube.

The concentration of complex (Cem) relies only on the equilibrium
binding:

ac,
act(.)m = kon Cpro (Cpep,T - Ccom) - kojf Ccom ) (4)

where the concentration of free peptide (Cpep) is described as a difference
between the concentration of total immobilized peptide (Cpep,r) and the
concentration of complex (Ceom).

Cpep = pep.T_Ccom'

Due to the geometry, the boundary conditions in the radial direction
must be split into two regions, the conical portion and the cylindrical
portion. This geometry was selected to mimic the in vitro experimental
conditions; however, it may be easily adjusted in COMSOL to reflect
more relevant in vivo geometries (e.g. disc, plane sheet).

In the conical region:

a CPTO
or

=0(r=0),
and

fi-VC =0 (r=ztanh,z<a),

where 6 is the tube angle from the vertical and f1is the unit normal to the
conical surface.

In the cylindrical region:

a CPTO
or

=0(r=0),

and

% =0(r=R, z>a),
where R is the outer radius of the tube.

In the z direction, the boundary conditions reflect no diffusion
through the bottom of the tube, equality of flux at the media-gel interface
(with equal diffusivities in the gel and media) and no partition coefficient
between the gel and the media.

0Cp, 0 _0
ac, % 82 o
pro _ pro : _
o2 (gel) = 5 (media) (z=1)

Cprogel = Cpro,mediu (Z = L)

The initial conditions in the gel reflect equilibrium between free and
bound protein:

Coro(t = 0) =y,
and
Coom(t =0)=C& ..
Within the media, the transport of free protein is due only to diffusion:

aCpro - D0 acpro
o ror <r ar )P

ac,
2 ()

In this domain, the geometry is only cylindrical, therefore the
boundary conditions in the radial direction are:

acpm,o _0
ar - (T— )a
and

anm_O _R
or (r="R).

As before, at the media-gel interface, the boundary conditions in the
z direction reflect equal diffusivity and no partition coefficient between
the gel and the media

oC e .
aim (gel) = 82"’ (media) (z=1),
Cprogel = Cpro,media (Z = L)

and no protein diffusion from the media into the air at the media-air in-
terface:

an o
0z

=0 (z=h).

In the media, the initial concentration of protein is 0.

Cprolt = 0) = 0.

The equations were rendered dimensionless and solved in the
commercially available software, COMSOL. The cumulative percent of
protein released at each time point corresponding to experimental
conditions was calculated by integration of protein concentration over
the entire release media volume. The procedure is explained in detail
in SI and the model parameters used for each simulation are detailed
in Table S2.
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Fig. 3. Model simulation (solid lines) and experimental release data (data points) show good agreement for release of SH3-rhFGF2 from a hydrogel modified with A) weak binding peptide
or B) strong binding peptide; and SH3-ChABC from a hydrogel modified with C) weak binding peptide or D) strong binding peptide. The notations 1:100 and 1:300 indicate the ratio of
protein to peptide for C). For the SH3-rhFGF2 experimental release data, n = 4, mean + standard deviation plotted; and for SH3-ChABC experimental release data, n = 3, mean 4 stan-
dard deviation plotted. Lines between the data points correspond to the model predictions and are included as a visual guide.

2.2. Experimental release assay

2.2.1. Release of SH3-rhFGF2

The experimental release of SH3-rhFGF2 was previously described [5].
Briefly, 100 pL of peptide-modified hydrogel containing SH3-rhFGF2
(20 uM) was injected into the bottom of a 2.0 mL conical microcentrifuge
tube. 900 L of pre-warmed artificial cerebrospinal fluid (aCSF) with
0.2 mg/mL heparin (release media) was added to each tube and samples
were incubated at 37 °C on an orbital shaker. Release media was fully re-
moved and replaced with fresh release media at t = 1, 2, 4, 8, 16, 24, 48,
72,120, 168 and 240 h. Aliquots were frozen at — 20 °C until assayed for
SH3-rhFGF2. A sandwich ELISA (Peprotech, Human FGF-basic ELISA
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Development Kit) was used to determine the concentration of SH3-
rhFGF2 in the release media removed at each time point (n = 4).

2.2.2. Release of SH3-ChABC

The experimental release of SH3-ChABC was previously described
[16]. Briefly, 100 pL of peptide-modified hydrogel containing SH3-
ChABC (4.56 uM) was injected into the bottom of a 2.0 mL conical
microcentrifuge tube. The tubes were pre-warmed at 37 °C for 10 min
to allow the gels to set and 400 L of aCSF was then carefully placed on
top of the gel. The gels were kept in a 37 °C incubator with gentle shaking.
At designated time points (0, 1, 2, 5, and 7 days) the supernatant was
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ee kon 102 M7 ko 1028 B >> 1,y << 1
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Fig. 4. Model simulations for a K}, of 10~# M with different k,, and Kkogrvalues. For physically relevant rates (ko> 10~

12

2571 green and red curves), protein release is unperturbed by varying

the binding kinetics. Theoretically, the release would change with very slow unbinding dynamics (kg1 0~8s™!, purple curve); however, these rates are not physically relevant for protein-
protein interactions. For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.
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Fig. 5. The model predicts that tunable protein release rates can be achieved by adjusting
the strength of the affinity interaction from weak (K, = 10~ M) to strong (Kp = 107> M)
for a protein to peptide ratio of 1:100. For these simulations, Kp was varied by modulating
kog, while ko, was held constantat 1 x 108 M~ ' s™ ",

completely removed and replaced with fresh aCSF. Release samples were
stored at — 80 °C until analysis by ELISA (n = 3).

3. Results
3.1. Dimensionless parameters

When our model is rendered dimensionless (see SI, Section S2) [21],
three dimensionless parameters emerge in the equations:

o Cpm‘O

Cpep‘ T

- szoff
= T
koncpra,o o Cpro‘O

kO_ff I(D

Alpha (o) represents the amount of free protein (Cyr,0) at the begin-
ning of the experiment relative to the total amount of peptide (Cpep,1).
This term is influenced by the Kp, of the protein-peptide pair since the
system is assumed to be initially at equilibrium. Note that & is a measure
of the free protein in the gel. The total concentration of protein in the gel

in both free and bound forms initially is Cpep.r (a + y%) Beta (3) relates
the timescale of protein diffusion to the timescale of dissociation of the
complex. This term is dependent on the geometry of the hydrogel (L),
the dissociation rate of the complex (koq) and the diffusivity of the protein
through the gel (D). Gamma (y) is the concentration of complexed pep-
tide sites in the gel relative to the uncomplexed ones at the beginning of
the experiment. Since the initial concentration of the complex is Cpep 1 7—1'1

for y > 1, most of the peptides are in the complexed state initially. Con-
versely, if y << 1, only a small fraction of peptide has bound protein. This

term is ultimately governed by Kp (%ﬁ) and the amount of free protein at
the beginning of the experiment.

>
J
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% 80 — Diffusion

% -_ 11

¥ 60 - 1:25

'g 45 1:250

® — 1:1000

g 20

§ B >>1,y << 1 for all cases

o

2 4 6 8 10 12
Time (days)

3.2. Simulation results

We validated our model by comparing model simulations with the
experimental data at the experimental time points for the release of
both SH3-rhFGF2 and SH3-ChABC from SH3-binding peptide modified
hydrogels. The exact values for L, D, Cpyo, and Cpepr were known from
the experimental conditions. The Kp was measured using isothermal
titration calorimetry (ITC, SI, Section S4, Table S1) and reasonable k,,
and kg rates were approximated based on measured rates for another
SH3 binding domain [30]. Importantly, none of the model parameters
were obtained by fitting. We observed very good agreement between
model simulations and experimental data for both proteins (Fig. 3).
Diffusional release of SH3-rhFGF2 from an unmodified hydrogel (no
peptide) was also well predicted by the model (SI, Fig. S4). The experi-
mental data were corrected for protein loss during sample processing
(SI, Figs. S5, S6 and S7). While protein fragility due to aggregation, thermal
instability and denaturation is well-known [31,32], it is seldom accounted
for in many controlled release systems.

3.3. Effect of association (ko) and dissociation (ko) kinetics on protein
release

We investigated how protein release from affinity-based systems is
affected by various system parameters, using the SH3 affinity-based
system as an example. In the experimental affinity-based system that
we used, the k,, and kg rates for the Abp1p (actin-binding protein in
Saccharomyces cerevisiae) SH3 domain are unknown; however, the
Fyn SH3 domain (SH3 region of the Fyn protein in Homo sapiens) is
known to have a ko, rate in the range of 108 M~ " s~' and a k. rate
range of 1-10? s~ [30]. Since the rate of association tends to be more
consistent between binding pairs than the rate of dissociation and
there is high conservation of the SH3 domain across species [33], we as-
sumed that the Abp1p domain would have a similar rate of association
to that of the Fyn domain. The rate of dissociation then follows from the
relationship Kp = kog/kon.

We investigated whether protein release from our system could be
perturbed by varying ko, and ko while keeping Kp = ko / kon constant
at the measured order of magnitude (10~# M). Protein release was
unperturbed by changes in the individual values of ko, and k. (Fig. 4,
green and red curves overlap) as long as physically relevant rates of pro-
tein association and dissociation were used (ko, 103-10° M~ ! s~ ! and
kogr 10°-10~2 s~ 1). A change in predicted release profile was only ob-
served when physically irrelevant values were used for ko, and ko
(107*M~'s~'and 1078 s~ !, respectively; Fig. 4, purple curve) [34,
35]. This demonstrates the importance of using physically relevant
terms in simulations.

3.4. Effect of Kp on protein release
Model simulations were used to investigate the effect of K, on pro-

tein release for a protein to peptide ratio similar to that used in experi-
mental studies (1:100). Fig. 5 shows that protein release can be tuned

N
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Fig. 6. Tunable protein release from the A) weak binding peptide and B) strong binding peptide affinity systems can be achieved by carefully selecting the initial ratio of protein to peptide.
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Fig. 7. Model simulation for protein release from hydrogels modified with the weak
SH3-binding peptide using a conical versus cylindrical geometry.

by varying the K, of the protein-peptide interaction (k,, was kept con-
stant, and ko was varied). Interestingly, the model predicts that a weak
interaction (10~ M) does not appreciably attenuate diffusional release
(~80% release by day 3) whereas a strong interaction (10~> M) slows
protein release significantly such that only <10% of total protein is
released by day 10.

3.5. Effect of protein to peptide ratio on protein release

We used the model to examine the effect of the initial protein to
peptide ratio on protein release from affinity hydrogels modified with
either strong or weak binding peptides. In these simulations, the
peptide concentration was varied while the protein concentration was
held constant (Fig. 6). The diffusion curve was estimated using an
extremely low concentration of peptide (1000 x lower than protein).
For the weak binding peptide system (Kp of 4.03 x 10~4 M), model sim-
ulations show that protein to peptide ratios of 1:25 to 1:1000 provide pro-
tein release rates from 100% to 20% of total protein over 10 days. For the
strong binding peptide system (Kp of 8.73 x 10~> M), a similar range of
release rates is achieved using protein to peptide ratios of only 1:10 to
1:100.

3.6. Effect of hydrogel geometry on protein release

To determine whether hydrogel geometry affects protein release, we
used the model to compare protein release from a conical geometry
(which mimics our experimental set-up, see Fig. 2B) to a cylindrical
geometry, while keeping L constant. As shown in Fig. 7, protein release
from the hydrogel is slower from the cylindrical (flat) geometry. This re-
flects the greater effective length for diffusion (i.e., the volume of the
gel/interfacial area with the release medium) for the cylindrical vs. con-
ical geometry.

4. Discussion
The mathematical model presented is able to provide insight into

how physical parameters affect protein release profiles from single spe-
cies affinity-based systems. A set of general guiding principles were

Table 1
Regimes of protein release from affinity-based systems.
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deduced from an asymptotic analysis of the governing equations and
can be used as a predictive tool to select a set of parameters that achieve
a desired protein release profile. Such principles have been missing
in prior publications [17,19,21-23]. Our model and scaling analysis
provide a coherent picture for controlling release in single species
affinity-based systems.

An asymptotic analysis, detailed in the supplementary information
(Section S3), reveals that protein release from affinity-based systems
falls into one of three regimes summarized in Table 1 and represented
graphically in Fig. 8. In the first regime, the unbinding dynamics of the
complex are fast (8 > 1), i.e,, diffusion is the rate-determining step,
and a small proportion of peptides have been converted to complex
(y < 1) at the beginning of the experiment. This regime produces

2 Cpep.T

release over a single timescale,L HD ™ /. This demonstrates that the re-
lease time depends only on Kp and not the individual values of k. and
kon. It is also independent of the amount of protein in the gel, which
we (Fig. S1) and others [36] have observed experimentally. Further-
more, if C;%’;’«l, the release time is independent of Cpep,r and Kp as
well. Thus, in regime 1, the concentration of binding ligand must be
greater than Kp to achieve affinity-based release. If the concentration
of binding ligand is lower than Kp, the equilibrium is shifted towards
free peptide and protein, which will result in unaltered diffusional pro-
tein release from the gel.

Regime 2 represents another case of diffusion-controlled dynamics
(B> 1), but where there is a large proportion of complexed peptides
relative to uncomplexed ones (y > 1). In this case, a two-stage release

profile is obtained: initial release occurs over a timescale of % (1+2)

until the protein concentration drops to ;‘(—” after which the remainder

. . . 2 .
of the protein is released over a timescale of %. The timescale for

12 (1 CPLT)
the fast, initial release can be written as %; it depends on the
total peptide and initial equilibrium free protein concentration, and
through the latter on Kp which determines the equilibrium. The com-
ments from regime 1 for the longer timescale of “1+Y/% also apply here.

In regime 3 where 3 < 1, the decomplexation of bound protein is
slow relative to diffusion <k]7f > %) Any free protein produced by

decomplexation of the protein-peptide pair is also negligible rela-
tive to existing free protein concentration within the gel. This restric-
tion can provide a more accurate lower bound on §3 for this regime:
B<<min [1,%%”] (see SI, Section S3). In this regime nearly all the
free protein is initially released from the gel over the diffusion time-
scale, L. The initial fast diffusive release is followed by the slower
decomplexation and release of the bound protein over the timescale
1
of T’
Let us consider the transition between the first/second regime and

the third regime, which typically occurs when 3 = # =~1. Given that
protein diffusivity through our gel does not change, either ko5 or L

Restrictions on o
and vy
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kot
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Fig. 8. Three regimes of release describe affinity-based release of therapeutic protein from
a polymeric matrix immobilized with an affinity-binding ligand (peptide). The timescale
for each phase of release is shown on the x-axis. L is the thickness of the delivery matrix
(usually a hydrogel), D is the diffusivity of the protein through the delivery matrix, Cpep,r
is the total concentration of the peptide bound to the delivery matrix, G, is the equilibri-
um protein concentration, Cp,0 is the initial protein concentration, Kp is the dissociation
constant of the affinity pair, and k,,, and kog are the association and dissociation rates for
the affinity complex respectively.

needs to be modified for our affinity-based system to observe changes
in release. It is more feasible to modify the thickness of the hydrogel
than the binding kinetics. If gel thickness is kept constant at 4 mm, as
in our experiments, a k,rof <107 s~ ! is required for 3 ~ 1. This trans-
lates to a complex with a lifetime of ~3 months, stronger than the stron-
gest known protein-protein complexes of colicin-immunity proteins

which have a lifetime of 2 weeks [34,35]. However, if gel thickness is
sufficiently decreased, it is possible to achieve 3 < 1 for physically rel-
evant ko values. More precisely, in order to observe a transition to the

unbinding-controlled regime (regime 3, (ﬁ > %) ), the thickness, L,
would need to be below the order of &. This was observed by Lin

and Metters [19] who used very thin gels (L = 0.28 mm). As they varied
kogfrom 10725~ to 10~ s~ , they noticed a change in protein release
from their gels. This occurred because (3 transitions from greater than 1
(78.4) to less than 1 (0.0784) over this range of ko values, thereby chang-
ing the protein release rate from diffusion-controlled to unbinding-
controlled. This shift is not observed in our affinity-based system because
3 is always much greater than unity for a gel thickness of 4 mm when
considering physically relevant binding kinetics (see SI, Table S2).
Notably, our overall duration of sustained release was much longer
(10 days) than that of Lin and Metters (8 h).

The information provided by the above analysis can be used to
design gels with desired release profiles. In regime 1, the rate of protein
release decreases smoothly over a single timescale. In regimes 2 and 3,
there are two distinct timescales: an initially fast release rate, followed
by a more gradual one. The two timescales in regime 2 are related as
they are both proportional to L?/D whereas the two timescales in regime
3 can be independently controlled by separately tuning L*/D and kg as

By
longas o> and L <<

2 and 3 is that all of the complexed protein remains in the bound state
throughout the fast mode for regime 3 while approximately half of the
complexed protein undergoes unbinding in the initial fast stage for re-
gime 2. Thus, the affinity-based system allows the tuning, not only of
the timescales of release, but also of the amounts of protein delivered in
each stage. The dual timescale release can be useful for an application in
which an initial bolus delivery of protein is desired, followed by a longer
sustained release. Lastly, while release in the first two regimes is depen-
dent on the shape of the gel, in the second stage of regime 3, it is not.
This is because the slow stage in regime 3 is governed solely by the
kinetics of the unbinding reaction (ko).

Since our experimental system was always in regime 1, it was feasi-
ble to further analyze how individual parameters (Kp and kg, protein to
peptide ratio, geometry) affect the timescale of protein release for our
system. Varying k., and kogrwithin a physically relevant range did not af-
fect the release rate because physically relevant rates of association and
dissociation are fast relative to the timescale of protein diffusion
through the gel (B > 1, Fig. 4). It is well known that modulating the
binding strength of the affinity interaction (Kp) results in different
rates of protein release [8,19,23] and we observed a similar trend
using our model (Fig. 5). For example, using a protein to peptide con-
centration ratio of 1:100, tunable protein release from <10% to >90%,
total release in 10 days is possible. As the strength of the binding inter-
action increases, the peptide excess required to achieve varying protein
release profiles decreases.

We, and others, have experimentally observed that changing the
protein to binding ligand ratio can modify protein release profiles [8,
16,17,19] and this was verified by our model (Fig. 6). Importantly,
from the asymptotic analysis, it has become clear that this can only be
achieved by tuning the concentration of the binding ligand as the time-

%. Another key difference between regimes

12 (1451
scale of release is independent of protein concentration { 5 il )} (SI,

Fig. S1) [36].

The final piece of validation for the mathematical model is the
comparison of the simulation results with our experimental data
for two separate SH3 fusion proteins (SH3-rhFGF2 and SH3-ChABC)
that were released from a peptide-modified hydrogel (Fig. 3) in nor-
malized co-ordinates. Dimensionless analysis of our experimental
system (L = 4 mm and D = 1.07 x 10~4 mm? s~ ! for SH3-rhFGF2
or 8.25 x 107° mm? s~ ! for SH3-ChABC) revealed that protein
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Fig. 9. A) Model simulations and B) experimental data shown with a representative model simulation (solid black line) collapse to form a master curve when plotted against an appro-

priately normalized time variable.

release will always fall within regime 1. Remarkably, all of our model
simulations (Fig. 9A) and experimental data (Fig. 9B) can be col-
lapsed onto a single master curve when the release time is expressed
as a fraction of the characteristic timescale of release for each system,

ie,t* =t/ [% (1 + C;Q—Z’) } The small discrepancy in the master curve for

the simulations (Fig. 9A) is a weak bias introduced by the inclusion of
the dynamics of the release medium in the simulations, a factor that
was not accounted for in the scaling analysis (see S3). Thus, irrespective
of the individual parameters in the experimental system, as long as the
system is in regime 1 (see Table 1), the cumulative release is a function
of a single variable — the normalized time, t*. This is a powerful result
that can aid the design of an affinity-based release system with a
preselected release period. For example, let us say that a cumulative re-
lease of 70% is required from the gel over a time of 3 days. From the
master curve, for 70% release, a dimensionless time of t* ~ 0.45 must
elapse. From the definition of t*, one can deduce that L, D Cyep rand Kp

should be chosen to ensure that the quantity% (1 + C;}LZ’) is about 6.7,

and that the restrictions accompanying regime 1 are satisfied. Note
that the master curve depends on the geometry of release (in our
case, the tube with a conical bottom). But for any new geometry, a single
experiment or simulation is sufficient to establish the master curve,
again, as long as the release is designed to be in regime 1. Then no fur-
ther experiments or simulations are required.

We also showed, for the first time, that the gel geometry can greatly
affect the protein release profile (Fig. 7), particularly for regimes 1 and 2.
This information is key when altering the geometry of the hydrogel to
more clinically relevant geometries, such as flat (thin slab) geometry,
which is expected for injection into the intrathecal space for local delivery
to the injured spinal cord [37].

The mathematical model also provided us with insight into our ex-
perimental data. For example, we had to apply a correction factor to
our experimental protein release profiles (SI, Figs. S5 and S6) to account
for protein loss during freeze/thaw processing of samples before
enzyme-linked immunosorbent assay (ELISA) or bicinchoninic acid
(BCA) assay quantification. While it is common practice to freeze protein
samples at —20 °C or — 80 °C [38-40] to preserve activity during long-
term storage, protein denaturation from aggregation at the ice/water
interface during freeze/thaw processing before ELISA quantification is un-
avoidable [31,32]. This highlights the need to perform stability studies on
any experimental protein in order to fully understand its in vitro release.

5. Conclusions

A mathematical model was developed to improve our understanding
of the mechanisms that control protein release from affinity-based drug
delivery systems. Using a comprehensive asymptotic analysis, we de-
scribe three regimes of protein release, wherein one or two stages of

release are possible. We highlight that, initially, it is necessary to analyze
the effects of the system as a whole because the individual factors are
highly interdependent. In the case of our SH3/SH3-binding peptide affin-
ity system, which always falls within regime 1, we found that the rate of
dissociation (k) did not impact protein release profiles when Kj is kept
constant; however, the strength of the affinity interaction (Kp), the con-
centration of peptide present in the system, and the hydrogel geometry
could all be varied to tune protein release. The model was validated by
comparison to experimental data for two proteins. This agreement was
further strengthened when all data collapsed to a single master curve
when plotted against an appropriately normalized time variable. Ulti-
mately, the model developed herein and its scaling analysis is a useful
tool for understanding the mechanisms of affinity-controlled release
and predicting release profiles.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2014.10.032.
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