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Abstract—Methods were developed for binding a glycosaminoglycan (GAG, a 50 kDa chondroitin sulfate) to thin agarose mem-
branes using 1-cyano-4-(dimethylamino)pyridinium tetrafluoroborate (CDAP) as the activating agent. Process conditions were opti-
mized to achieve high yields and spatially uniform concentrations of bound ligand. Yields were varied mainly by manipulating the
duration and temperature of the aqueous washes prior to coupling, which affected the concentration of active sites available for
subsequent GAG binding. The rate constants for degradation of the active cyanate esters in 0.1 M bicarbonate solutions were
0.24 ± 0.02 h�1 at 4 �C and 0.08 ± 0.03 h�1 at 0 �C. Steric limitations in the 3% agarose gels severely restricted binding, with only
about 0.1% of active sites being accessible to GAG molecules. The GAG binding occurred primarily in the outer 50–70 lm of the
membranes, so that coupling was homogeneous only for thin gels. A model of GAG diffusion and reaction in the coupling step was
developed to explain the observed effects of parameters such as the GAG concentration in solution and the membrane thickness. An
analysis of the key time scales in the synthesis provides design principles that should be useful also for other cyanylating agents,
other ligands, and for beads as well as membranes.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: 1-Cyano-4-(dimethylamino)pyridinium tetrafluoroborate (CDAP); Agarose activation; Glycosaminoglycans; Chondroitin sulfate;
Cyanate ester degradation kinetics; Reaction–diffusion model
1. Introduction

Numerous technologies make use of ligands bound to
carbohydrate substrates, and many attachment tech-
niques are available.1–3 One common approach couples
an amino group on the ligand [protein, polynucleotide,
peptide, glycosaminoglycan (GAG), etc.] to an activated
site on the carbohydrate.4 This strategy has been used
for the preparation of affinity chromatography beads,
DNA and protein micro arrays, and conjugate vaccines,
to cite a few examples.5–8

One common coupling method uses agarose that has
been activated by cyanogen bromide (CNBr) or similar
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agents to turn hydroxyl groups into cyanate esters,
which react readily with the primary amines found on
ligands.4,9–11 Since the discovery of the cyanogen halide
method for coupling proteins to polysaccharides in
1967,9,12 a number of improvements in the activation
method have been made, as reviewed by Kohn and Wil-
chek.4 While CNBr is still often used, several other
cyanylating agents discovered in the early 1980s pose a
less severe health risk and increase the activation yield.
Three of note are N-cyanotriethylammonium tetrafluo-
roborate (CTEA), p-nitrophenylcyanate (pNPC), and
1-cyano-4-(dimethylamino)pyridinium tetrafluoroborate
(CDAP). While the three reagents are similar in struc-
ture and reaction sequence, CDAP has the advantage
of not requiring temperatures below 0 �C and giving
activation yields at least three to eight times higher than
CTEA, pNPC, or CNBr.4
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Figure 1. Reaction pathway for the activation of agarose by CDAP and the binding of GAG, based on the mechanism proposed by Kohn and
Wilcheck.4
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The CDAP reaction sequence is shown in Figure 1.
When CDAP and triethylamine (a cyano-transfer agent)
are added, the agarose hydroxyl groups are converted to
a pyridinium–isourea derivative. In slightly acidic condi-
tions, the equilibrium of the isourea derivative is shifted
toward the cyanate ester. In the presence of primary
amines (such as the terminal peptide of a GAG or a
small quench molecule like ethanolamine), the amine
and cyanate ester form an isourea bond. There are sev-
eral competing reactions. In aqueous conditions, the
cyanate ester can degrade into an inert carbamate
group. It can also form imidocarbonate bonds with
other activated groups, forming a cyclic bond between
neighboring active groups or a linear bond that cross-
links two agarose fibers.

The objective of the present work was to adapt previ-
ously reported activation and coupling procedures to
prepare agarose–GAG membranes with end-on binding
of the GAG chains to the agarose fibrils. Such mem-
branes will be used by us in the future to measure the
hydraulic permeability and protein sieving characteris-
tics of GAG matrices, as they relate to microvascular
permeability. To achieve the desired permeability prop-
erties, the membranes needed a high GAG concentration
and a homogeneous distribution of GAG throughout the
membrane volume. Maximizing coupling yields while
maintaining homogeneity required an understanding of
what factor(s) limit GAG binding in the coupling proce-
dures. While others have mentioned reaction conditions
that may improve or detract from ligand attachment to
cyano-activated Sepharose� beads or dextran, no sys-
tematic study has been reported. Potential limiting
parameters for ligand coupling were studied both exper-
imentally and through modeling to determine reaction
conditions that create a membrane with a high, homo-
geneous concentration of bound GAG. The mechanistic
insight so obtained provides insight into how to optimize
syntheses involving other ligands, other cyanylating
agents, and other resin geometries (such as beads).
2. Experimental

2.1. Materials

All chemicals were of reagent grade or higher. A high-
molecular-weight chondroitin sulfate was used as the
GAG, unless otherwise specified. The attachment chem-
istry required the GAG to contain a protein residue with
a primary amine. Chondroitin sulfate A (#230687 from
bovine trachea, MW � 50 kDa) and heparin (#375095
from porcine intestinal mucosa, MW � 15 kDa) from
Calbiochem (La Jolla, CA) were verified to contain pri-
mary amines, using a fluorescamine assay.13–15 CDAP
was purchased from Research Organics (#1458C; Cleve-
land, OH) and agarose from Sigma (type VI; St. Louis,
MO).

2.2. Agarose membrane preparation

A 3.075 w/w % (3 v/v %) agarose solution in 0.1 M
KCl–phosphate buffer (pH 7.4) was heated and used to
cast agarose membranes on woven polyester supports,
as described previously by our group.16,17 The mem-
brane diameter was 25 mm and the usual thickness
was 70 lm, but for some experiments the thickness
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was varied by placing glass coverslips next to the mesh
as spacers or by using a thinner nylon support mesh.

2.3. Agarose activation

The agarose activation procedure with CDAP was based
on the method used by Kohn and Wilchek for polysac-
charide resin beads,4 modified to allow a batch of 20
agarose membranes to be processed at one time. Two
slightly different procedures were used. Procedure I pro-
duced a lower yield of bound GAG, and Procedure II a
higher yield. Unless otherwise noted in the results, Pro-
cedure I was used.

Procedure I: Each agarose membrane was placed in a
plastic histology cassette (Histo-prep Tissue Capsules
#15-182-219; Fisher, Hampton, NH). Twenty mem-
branes were soaked for 15 min with gentle agitation in
each of the following: 1 L of deionized water, 1 L of
30% acetone (two times), and 1 L of 60% acetone (two
times). In a beaker in an ice bath, the washed gels were
added to 200 mL of ice-cold 60% acetone. With orbital
mixing at 150–200 rpm, 20 mL of 100 mg/mL of CDAP
in dry acetonitrile was added. After 1 min, 16 mL of
0.2 M Et3N solution was added dropwise over 1–
2 min. The system was mixed for an additional 5 min.
The membranes were rapidly transferred to 1500 mL
of refrigerated (4 �C) 0.05 N HCl (500 mL in each of
three jars) and mixed for 30 min. The membranes were
then soaked in 2 L of refrigerated deionized water for
15 min (three times), then immediately used for
coupling.

Procedure II: The method just described was followed
through the placement of the membranes in 0.05 N HCl,
except that each jar of HCl contained approximately
100 mL of ice. The membranes were mixed in the HCl
solution for 10 min, then soaked in 2 L of ice-water
for 5 min with mixing (three times) before immediate
coupling.

2.4. GAG coupling

The procedure here was based on the method used by
Iverius.10 The activated agarose membranes (in their
cassettes) were covered with 1 g/L of GAG in 0.1 M
NaHCO3. To synthesize ‘blank’ membranes, the acti-
vated membranes were placed in 0.1 M NaHCO3 with
no GAG. The system was stirred with orbital mixing
at 4 �C for at least 16 h. To remove the remaining active
groups, 7.5 mL of ethanolamine was added per 100 mL
of attachment solution and stirred for 4 h at 4 �C. The
membranes were soaked for 15 min with gentle agitation
in each of the following: 2 L of deionized water (three
times), 2 L of 0.5 M NaCl (two times), and 2 L of deion-
ized water (six times). Each gel was removed from its
cassette, stored in 0.1 M KCl–phosphate buffer, and
refrigerated until use.
2.5. Bound GAG assay

The assay for bound GAG was adapted from that used
by Smith et al.18 to assay heparin immobilized on
Sepharose� beads, using o-toluidine blue dye. For a sin-
gle gel, a dye solution volume of 2.5 mL and a total
volume of 5 mL were used. To allow adequate time
for the dye to bind, each test tube was allowed to equil-
ibrate for at least 15 min before centrifuging. The absor-
bance at 631 nm was measured directly from a sample of
the aqueous layer without dilution by ethanol.

The absorbance of the samples was correlated to the
absorbance of the reference solutions and corrected for
the blank gel absorbance to determine the bound
GAG concentration. The linear calibration curves were
of the form
M ¼ eA ð1Þ

where M is the mass of GAG in the test tube and A is
the absorbance. Knowing the calibration slope (e) and
the absorbance of a blank gel (A0), the mass of GAG
in a sample (Ms) was calculated as
M s ¼ e
V s

V t

� �
As � e

V 0

V t

� �
A0 ð2Þ
where V0 and Vs are the volumes of the blank and sam-
ple membranes, Vt is the total volume of the dye solu-
tion plus membrane, and As is the absorbance of the
sample.

2.6. Membrane sectioning and GAG visualization

Cryosectioning of gels was used to check binding homo-
geneity. To minimize distortion of the agarose mem-
branes, the gels were frozen and sectioned in 0.1 M
phosphate-buffered saline (pH 7.4). The bound GAG
was visualized with a 0.5 g/L o-toluidine blue solution
in 0.1 N HCl. Several drops of the dye solution were
placed on the membrane section for 15 min, then rapidly
rinsed away and blotted dry. While toluidine staining is
not well suited for quantitative histology, due to its non-
linearity at very low GAG concentrations, it is sufficient
for indicating large variations in the bound GAG con-
centration of a gel.

2.7. Active-site assay

The assay for active cyanate esters is based on the
N,N 0-dimethylbarbituric acid method used by Kohn
and Wilchek.19 Each agarose gel was assayed with
3 mL of dimethylbarbituric acid solution.

2.8. Mathematical model of coupling

A mathematical model was developed to explain the
observed effects of the coupling conditions on binding
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yield and binding homogeneity, similar to the approach
of Bernstein et al.20 but without the assumption of con-
stant active-site concentrations. The model describes the
time-dependent diffusion of free GAG into a gel mem-
brane of thickness d, the reaction of GAG with activated
sites to yield bound GAG, and the competing reaction in
which the activated sites are degraded. The concentra-
tion of species i in the gel is denoted as Ci(x, t), where
x is the position (0 at the gel center and ±d/2 at the sur-
faces), t is time, and i = G, A, and B for free GAG,
accessible active sites, and bound GAG, respectively.
From local conservation of mass for each species, the
concentrations are governed by

� �

oCG

ot
¼ o

ox
D

oCG

ox
� k1CACG ð3Þ

oCA

ot
¼ �k1CACG � k2CA ð4Þ

oCB

ot
¼ k1CACG ð5Þ
where D is the diffusivity of free GAG in the gel, k1 is the
rate constant for binding, and k2 is the rate constant for
active-site degradation. Eq. 3 allows D to be a function
of CB (and therefore a function of x and t), which was
found to be much more consistent with the results than
a constant diffusivity. The diffusivity in the absence of
bound GAG (a constant) is denoted as D0.

For ease of numerical solution, and also to better
assess the competing rate processes, Eqs. 3–5 were con-
verted to scaled dimensionless variables. Using d/2 as
the length scale and d2/4D0 as the characteristic time,
the dimensionless position (X) and time (s) were defined
as
X ¼ 2x
d
; s ¼ 4tD0

d2
ð6Þ
The dimensionless concentration variables used were
hG ¼
CG

KCGS

; hA ¼
CA

/CA0

; hB ¼
CB

/CA0

ð7Þ
where CGS is the GAG concentration in the external
solution, CA0 is the initial concentration of active sites
(i.e., immediately before addition of GAG), / is the
fraction of the active sites that are accessible to the
GAG, and K is the partition coefficient for the GAG
(gel-to-solution concentration ratio at equilibrium). As
shown, the GAG and active-site concentrations are each
expressed relative to their maximum values, and the
bound GAG concentration is relative to what it would
be if all accessible active sites were utilized.

There is no precise way to predict the extent to which
the bound GAG will ‘clog’ the gel, thereby reducing the
diffusivity of the free GAG. However, based on theories
for diffusion through random fiber matrices,21 a reason-
able functional form for the relative diffusivity is
f ¼ D
D0

¼ expð�mhBÞ ð8Þ
where m P 0. In the absence of a predictive model for
macromolecule diffusion through a mixture of un-
charged and charged fibers of differing radii, we viewed
m as an empirical parameter and chose a value that best
represented our results.

Using the definitions in Eqs. 6–8, the conservation
equations become

ohG

os
¼ expð�mhBÞ

o2hG

oX 2
� m

ohB

oX
ohG

oX

� �
� ahAhG ð9Þ

ohA

os
¼ �achAhG � bhA ð10Þ

ohB

os
¼ achAhG ð11Þ

where a, b, and c are constants that will be defined
shortly. The initial and boundary conditions to be satis-
fied by hi(X,s) were
hAðX ; 0Þ ¼ 1; hBðX ; 0Þ ¼ 0 ¼ hGðX ; 0Þ ð12Þ
ohG

oX
ð0; sÞ ¼ 0; hGð1; sÞ ¼ 1: ð13Þ
Because X = 0 is a symmetry plane, the boundary value
problem defined by Eqs. 9–13 had to be solved only for
0 6 X 6 1. The solution was obtained numerically by fi-
nite differences, using a stiff ODE solver (‘ode23s’) in
MATLAB�.

The three dimensionless parameters in the boundary
value problem are
a ¼ k1/CA0d
2

4D0

; b ¼ k2d
2

4D0

; c ¼ KCGS

/CA0

ð14Þ
where a is a Damköhler number that measures the rate
of binding relative to GAG diffusion, b is a Damköhler
number that measures the rate of active-site degradation
relative to GAG diffusion, and c is the maximum con-
centration of free GAG in the gel (that next to the sur-
face) divided by the maximum concentration of
accessible active sites (the initial value).
3. Results

3.1. Effect of activation conditions on yield

Using activation Procedure I, the average bound GAG
concentration of the membranes was 68 ± 8 lg GAG
per mg agarose (standard deviation from n = 9 activa-
tion batches). The only activation process parameters
observed to significantly increase the bound GAG con-
centration of the membranes (>25% change) were the
temperature and duration of the aqueous wash preced-
ing GAG attachment. The use of well-mixed ice-water
(0 �C) instead of refrigerated water (4 �C) increased the
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bound GAG concentration to 105 ± 6 lg GAG/mg aga-
rose (n = 3 membranes). Shortening the duration of the
three aqueous washes to a total of 15 min increased the
bound GAG concentration to 110 ± 1 lg GAG/mg aga-
rose (n = 2). However, no further increase was measured
for the combined effects of 0 �C and 15 min wash time in
Procedure II (102 ± 2 lg GAG/mg agarose, n = 2). A
number of activation process parameters had little or
no effect on the bound GAG concentration of the mem-
branes over the ranges studied: CDAP concentration
(0.05–0.2 g/gel), agarose type (I-B or IV), agarose con-
centration (2–4 v/v %), mixing duration following TEA
addition (2–5 min), duration of protonation wash
(10–30 min), and exposure to air (0–10 min). Increasing
the acid concentration from 0.05 N to 0.2 N during
protonation significantly decreased the bound GAG
concentration (by 33%).

The temperature and duration of the aqueous wash
preceding coupling affected the final bound GAG con-
centration by changing the concentration of active sites
available at the start of coupling. Temperature and
duration were studied further by assaying the active sites
on the activated membranes. First, the effect of process
duration was considered by measuring the active-site
content of gels during protonation, aqueous wash and
GAG coupling at 4 �C. One batch of membranes con-
tained 2300 nmol cyanate esters/mg agarose shortly
after activation, but only 2100 nmol/mg after 20 min
of aqueous washing and 1500 nmol/mg at the beginning
of coupling (values are averages of duplicate samples).
The degradation of active sites continued in the coupling
solution, with 100 nmol/mg remaining after 45 h in 4 �C
blank coupling solution (0.1 M NaHCO3).
Figure 2. Concentration of active cyanate ester as a function of time,
at 0 �C and 4 �C. Symbols are the mean of duplicate samples; error
bars are the range. All samples were activated in the same batch and
treated identically until coupling.
To understand the 50% increase in the bound GAG
concentration at 0 �C versus 4 �C, the kinetics of
active-site degradation at these two temperatures was
studied. A batch of gels was activated, then split into
two groups which were placed in 4 �C or 0 �C blank
coupling solutions. As seen in Figure 2, the active sites
degraded three times faster in the 4 �C solutions than
in the 0 �C solutions. The first-order rate constants
for the decay were 0.24 ± 0.02 h�1 at 4 �C and 0.08 ±
0.03 h�1 at 0 �C. Temperature variations over a much
broader range than this have been found to have little
effect on agarose structure,22 indicating that the increase
in bound GAG content at 0 �C was mainly due to the
reduced rate of active-site degradation.
3.2. Effect of coupling conditions on yield

We were unable to find any variation of conditions in
the coupling reaction that would provide a significant
increase (>25%) in the bound GAG concentration of
the membranes, when chondroitin sulfate (CS) was used.
When a 15 kDa heparin was used in place of the 50 kDa
CS, the bound GAG concentration on a molar basis was
nearly four times higher, although the concentration on
a mass basis was similar (78 ± 12 lg heparin/mg aga-
rose, n = 3, versus 68 ± 8 lg CS/ mg agarose). A num-
ber of process conditions had little or no effect (<25%)
on the bound CS concentration over the ranges investi-
gated: pH of the coupling solution (7.0–9.0), tempera-
Figure 3. Bound GAG concentration of gels as a function of the GAG
(chondroitin sulfate) concentration in the attachment solution. In this
and subsequent plots, the mass of bound GAG is expressed relative to
that of dry agarose. The symbols are data points, and the curves are
model predictions based on various assumptions concerning the GAG
diffusivity in the gels. Symbols represent the mean of duplicate
samples; error bars indicate the range. The solid curve corresponds to a
diffusivity that depends on the concentration of bound GAG. In this
and subsequent plots where the coupling time is not specified, the mass
of bound GAG in the simulations is that at steady state.
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ture of the coupling solution (0–22 �C), and orbital
mixing speed (0–200 rpm). Two variations resulted in a
significant decrease in the GAG coupling yield: use of
salts other than NaHCO3 (60–65% decrease for both
bicine and sodium phosphate) and higher salt concen-
trations (70–75% decrease for 0.5–2.0 M). As illustrated
in Figure 3, experiments performed with GAG concen-
trations of 0.2–5 g/L in the attachment solution showed
a marked decrease in the bound GAG concentration at
concentrations lower than our standard value of 1 g/L,
but no significant increase at higher concentrations.
The time-dependent behavior of GAG coupling is
shown in Figure 4, which indicates that the coupling
Figure 4. Measured and predicted GAG concentration of gels as a
function of coupling time. The symbols are data points and the curves
are model predictions based on various assumptions concerning the
GAG diffusivity in the gels. Symbols represent the mean of duplicate
samples; error bars indicate the range.

Figure 5. Measured and predicted GAG concentration of gels as a
function of membrane thickness. The symbols are data points and the
curves are model predictions based on various assumptions concerning
the GAG diffusivity in the gels. The error bars represent one standard
deviation, for n = 3.

Figure 6. Cross-sections of agarose–GAG membranes after toluidine staining
determined both prior to and after cryosectioning). The holes and oblon
concentration, as determined from other gels from the same batch, was 77
without a supporting mesh. The bound GAG along the edge of the gel is stain
gel (upper left). The penetration depth of the bound GAG is approximately
capacity of the membranes activated by Procedure I
was reached in about 30 min; a much longer coupling
time had little benefit. As shown in Figure 5, the concen-
tration of bound GAG decreased for gels thicker than
70 lm, whereas there was no increase for thinner gels.
3.3. Bound GAG distribution

The concentration of bound GAG decreased from
68 ± 8 lg GAG/mg agarose for 70-lm thick membranes
to 14 ± 2 lg GAG/mg agarose for 310–360-lm thick
membranes (n = 3), which suggested that the bound
GAG was not uniform throughout the membrane thick-
of GAG. (a) A standard, supported membrane of 70-lm thickness (as
g objects are due to the polyester support mesh. The bound GAG
± 4 lg GAG/mg agarose (n = 2). (b) A gel of about 3-mm thickness,
ed purple, while the toluidine dye was washed away from the core of the
50–70 lm.
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ness. Stained cryosections were used to address this issue
more directly. As shown in Figure 6a, toluidine staining
of GAG in a 70-lm membrane (synthesized with Proce-
dure I) resulted in a uniform color throughout the gel.
As shown in Figure 6b, in a 3-mm gel (synthesized under
the more favorable activating conditions of Procedure
II), there was staining only along the edges. The absence
of color in the interior of the thick gel confirms that the
dye did not bind significantly to agarose, allowing it to
be washed away where GAG was absent. Based on Fig-
ure 6b and other similar images, the penetration depth
of bound GAG was estimated as 50–70 lm. Penetration
over that distance from each membrane surface is con-
sistent with the uniform color in Figure 6a.
4. Discussion

4.1. Significant activation and coupling parameters

The objectives of increasing the concentration of bound
GAG while maintaining homogeneity were achieved for
gel thicknesses 670 lm by increasing the concentration
of active sites. That was done by adjusting the duration
and temperature of aqueous exposure prior to coupling.
Varying numerous other process parameters resulted
either in insignificant changes or decreases in the binding
yield. It was unsurprising that the agarose concentration
had little effect on the bound GAG content, given the
small variations in diffusivities of macromolecules within
the limited range of agarose concentrations examined.23

The process was kinetically rather than stoichiometri-
cally limited, in that the reagents were in 10–10,000-fold
excess relative to the bound GAG content. The results
are consistent with the reaction conditions mentioned
by others to have improved or worsened ligand attach-
ment to cyano-activated carbohydrates, such as changes
in HCl concentration,4 duration of activation reac-
tion,4,24 coupling pH,25 ligand concentration,7 and cou-
pling duration.7 While binding yield was reported
previously to be linearly dependent on CDAP concen-
tration when CDAP was stoichiometrically limiting,
the insensitivity of the bound GAG content to the
CDAP concentration in the current procedure is likely
due to the molar excess of CDAP relative to agarose
hydroxyl groups.4 The effects of certain other para-
meters that were investigated, such as the thickness of
the gel substrate, the ionic strength during coupling,
and the temperature during coupling, had not been
reported previously.

4.2. Active-site degradation

The cyanate ester degradation rate of 0.24 h�1 at 4 �C
reduced the active-site content by 20% during the
45 min wash preceding coupling (80% site preservation).
It was anticipated that this degradation would be
reduced by shortening the wash to 15 min (94% preserva-
tion), lowering the temperature to 0 �C (94%), or
reducing both the time and temperature (98%), and that
slowing the degradation of active sites would improve
the yield of bound GAG. This was confirmed, in that
the shortened time and lower temperature increased the
bound GAG concentration by 62% and 54%, respec-
tively, although no further increase was measured for
the combined effects. These rates of active site loss should
be applicable to agarose activated by any cyanylating
agent, not just CDAP, since all generate active cyanate
esters which may degrade into an inert carbamate.

In that there was a 1000-fold excess of active sites rel-
ative to the moles of bound GAG, one might expect the
binding of GAG to be independent of process changes
affecting active-site concentration. Thus, the concomi-
tant increases of active sites and bound GAG at lower
process temperatures were surprising. Our explanation
for this apparent contradiction is that only a small frac-
tion of active sites were sterically accessible to the GAG,
and that increasing the total number of active sites
caused a proportionate increase in the number of acces-
sible ones. Agarose forms a complex gel structure in
which numerous polysaccharide chains associate side-
by-side to form fibrils, and the fibrils intertwine in
junction zones during gelation.26–29 While 10% of the
hydroxyl groups on agarose were activated, it is likely
that a large fraction of those active sites were inaccessi-
ble to large GAG molecules, contributing to the 0.1%
binding yield for the 50 kDa chondroitin sulfate. More
active sites should be accessible to smaller molecules,
in agreement with the higher molar yield that we found
for heparin (15 kDa; 0.4% binding yield) and the still
higher yield reported previously for aminocaproic acid
(131 Da; 24% binding yield).4

4.3. Bound GAG distribution

The average GAG concentration decreased from 68 lg
GAG/mg agarose for 70-lm thick membranes to
14 lg/mg for 310–360-lm thick membranes. However,
the bound GAG concentrations of 50-lm and 70-lm
thick gels were statistically indistinguishable. The visual
penetration depth of bound GAG of approximately 50–
70 lm, on the same order as an average membrane
thickness, confirms that GAG was hindered from bind-
ing to the core of the membranes for the thicker gels.
Therefore, a homogeneous bound GAG concentration
was achievable, but only for gels no thicker than our
standard ones.

4.4. Modeling

The initial concentration of active cyanate esters, the
GAG concentration in solution, the duration of the cou-
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pling reaction, and the membrane thickness were all
found to influence the bound GAG concentration.
Stained cross-sections showed that GAG did not bind
to the core of thick membranes. A mathematical model
of ligand diffusion and binding (Section 2.8) was devel-
oped to explain these trends. The model describes the
concentrations of free GAG, active sites, and bound
GAG as functions of position and time during the cou-
pling step. Given the local concentrations at any instant,
the overall content of bound GAG could be computed
as a function of time.

Most parameters in the model could be estimated
independently, with baseline values as given in Table
1. The concentration of GAG in bulk solution (CGS)
and the gel thickness (d) were known for each experi-
ment. Following methods similar to those used previ-
ously for other macromolecules,30 data for GAG in
unactivated 3 vol % agarose gels (not shown) indicated
that the agarose–water partition coefficient (K) was close
to unity. The initial concentration of active sites (CA0)
and the rate of active-site degradation at 4 �C (k2) were
known from results described above. The fraction of
active sites sterically available for binding (/) was esti-
mated from CA0 and the amount of GAG bound to thin
gels at long exposure times. The rate constant for GAG
binding (k1) was calculated from the amount bound at
short times, when the concentration of active sites was
near its initial value and the bound GAG concentration
was low. Interestingly, our apparent rate constant for
binding (/k1) is similar to that reported for the immobi-
lization of heparinase on agarose.20

The diffusivity of GAG within the gels was the most
uncertain parameter. Some guidance for estimating the
value in the absence of bound GAG (D0) is provided
by data for other macromolecules of roughly similar
molecular weight in agarose, including dextrans, Ficolls,
and proteins.23,31,32 However, the hydrodynamic radii of
GAGs in solution are almost twice those of spherical
Ficolls or proteins of similar molecular weight, suggest-
ing that the GAG diffusivity in agarose may be consid-
erably lower. Accordingly, a range of D0 values was
tested (Table 1). An additional parameter, m, was used
to model the effect of bound GAG on the diffusivity of
free GAG (Eq. 8). For m = 0 the diffusivity was con-
Table 1. Baseline parameter values used in simulations of GAG
binding

Parameter Value

CGS 2 · 10�8 mol/mL (=1 g/L)
CA0 4 · 10�5 mol/mL
d 7 · 10�3 cm
D0 10�9–10�7 cm2/s
m 0–3
K 1
/ 1.2 · 10�3

k1 4 · 104 mL mol�1 s�1

k2 5 · 10�5 s�1
stant, whereas for m > 0 it declined with increases in
the concentration of bound GAG, and therefore varied
with position and time.

In general, the data were found to be inconsistent with
any single, constant value of the GAG diffusivity. The
simulations agreed best with the bound GAG concentra-
tions at short times and for low solution GAG concen-
trations when the diffusivity was assumed to be 10�7–
10�8 cm2/s (Figs. 3 and 4), whereas the results for thick-
er membranes suggested a diffusivity as low as 10�9 cm2/
s (Figs. 5 and 7). However, all of the results could be
reconciled by assuming that the diffusivity of free
GAG decreased as the concentration of bound GAG
increased, such that m = 3. It is reasonable to suppose
that bound GAG would create both steric33 and electro-
static34 hindrances to diffusion of free GAG, and that
these hindrances would become increasingly severe as
the coupling step proceeds. Thus, the apparent diffusiv-
ities should be largest for short times and low solution
GAG concentrations, as observed.

As seen in Figure 3, the model with a concentration-
dependent diffusivity predicted the observed decrease
in the bound GAG concentration for GAG solution
concentrations below 1 g/L. Because the bound GAG
concentration was calculated to be relatively insensitive
to solution concentration above 1 g/L, the model con-
firmed that further increases in the concentration of
the attachment solution are not a viable method of
increasing the concentration of bound GAG. The results
in Figure 4 concerning the time course of binding were
also well explained. That is, most of the GAG attach-
ment was predicted to occur within 30 min, as observed.
Figure 7. Predicted concentration of bound GAG as a function of
depth for agarose–GAG gels of indefinitely large thickness. The depth
is the distance from the surface of the gel, and the thickness used in the
calculations was such that the concentration of bound GAG at the
membrane center was at least two orders of magnitude smaller than
that at the surface.
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The model with a concentration-dependent diffusivity
also accounted well for the effects of membrane thick-
ness, as shown in Figure 5. A comparison of the curves
for D0 = 10�8 cm2/s and m = 0 or m = 3 suggests that
diffusivity reductions due to bound GAG played an
important role in lessening the binding in thicker gels.
The effects of gel thickness are illustrated also by predic-
tions of bound GAG concentration as a function of
position in a gel of indefinitely large thickness, as shown
in Figure 7. As expected, the lower the diffusivity, the
smaller the penetration depth. Assuming that the visual
penetration depth is approximately the position at which
the bound GAG concentration is one quarter of the sur-
face concentration, the penetration depth for the semi-
infinite gel with concentration-dependent diffusivity is
83 lm, consistent with the experimental penetration
depth of 50–70 lm. The model also predicts that the
bound GAG concentration in a 70-lm thick gel would
decrease by only 18% between the gel surface and gel
center, which would not be noticeable in a stained cryo-
section such as that in Figure 6a.
4.5. Kinetic considerations in selecting binding conditions

An analysis of time scales for the coupling step provides
general insight into conditions that will yield high and/
or spatially uniform concentrations of bound ligand.
The three time scales of interest are those for diffusion
of free ligand (tD), binding of ligand to active sites (t1),
and decay of active sites (t2), which are given by
tD ¼
d2

4D0

; t1 ¼
1

k1KCGS

; t2 ¼
1

k2

: ð3Þ
The diffusional time scale is based on half of the mem-
brane thickness, which is the maximum distance that
the free ligand must traverse. From the parameters
in Table 1 with D0 = 10�8 cm2/s, the values of these
time scales for our conditions were tD = 20 min, t1 =
21 min, and t2 = 330 min.

Increasing the concentration of bound ligand requires
increases in the yield per active site and/or the number of
active sites. To fully utilize the available sites (i.e., maxi-
mize the yield), the binding reaction must be fast relative
to active-site degradation, or t1� t2. Because t1 was
already an order of magnitude smaller than t2 under our
baseline conditions (21 min compared with 330 min),
there was little opportunity to improve the yield per
active site. That is, increasing CGS above the baseline
value of 1 g/L would decrease t1, and lowering the cou-
pling temperature would increase t2 (by decreasing k2),
but little gain in yield could be expected because the reac-
tion time scales were already different enough. However,
as shown in Figure 3, the yield could be worsened by a
sufficient lowering of CGS (e.g., t1 = 105 min at 0.2 g/L).
In that t1� t2 was already satisfied by the baseline
conditions, thereby maximizing the yield, the only option
for increasing the concentration of bound GAG was to
increase the initial concentration of active sites (/CA0).
That is what was done by lowering the temperature
and shortening the wash periods prior to coupling.

Of course, the duration of the coupling period had to
be sufficient to fully utilize the active sites. With the
lifetime of the active sites controlled mainly by GAG
binding (rather than by active-site degradation), this
required that the coupling time significantly exceed t1.
As t1 for our baseline conditions was only 21 min, one
expects little advantage in extending the coupling reac-
tion over the full 16 h that is often suggested in pub-
lished procedures. This is in agreement with the results
in Figure 4.

The bound ligand concentration will be nearly uni-
form if diffusion occurs more rapidly than binding, or
tD� t1. That is, if free ligand penetrates the entire
matrix before an appreciable amount reacts, it will
equilibrate with the external solution, and a spatially
uniform concentration of bound ligand will result. How-
ever, our finding that GAG binding in 70-lm mem-
branes was homogeneous even for tD comparable to t1

(both about 20 min) indicates that this inequality is
overly conservative; while sufficient, it is not necessary.
The reason this criterion is conservative is that, whereas
ligand bound near the gel surface may impede the diffu-
sion of free ligand (as apparently happened in our sys-
tem), even as binding near the surface saturates it may
not fully prevent free ligand from penetrating well into
the interior (as also seems to have been true for our sys-
tem). Thus, the importance of having a small value of tD

is affected by the extent that bound ligand ‘clogs’ the gel,
an effect captured by the full model which predicted the
homogeneity of thin membranes and the penetration
depth into very thick membranes.

A similar analysis of time scales can be applied to sys-
tems with different geometries, ligands, or kinetics. For
spherical beads, the bead radius can be substituted for
the membrane half-thickness. As already mentioned,
the rate constant reported here for the degradation of
cyanate esters should be applicable to other cyanylating
agents. This and previous work20 provide estimates also
for the fraction of accessible active sites and the rate
constant for ligand binding; if desired, those estimates
can be refined using short- and long-time binding data
from the system of interest, as done here. Thus, if esti-
mates of the ligand diffusivity are available, favorable
synthesis conditions can be identified for a wide range
of coupled ligand–agarose applications.
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