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Purpose. This work studied the effect of changes in the magnitude of
electrostatic charge interactions on the release kinetics of gentami-
cin from collagen matrices. Methods. The charge distribution on
collagen was altered by specific charge chemistries to yield net neg-
ative charges which exhibited binding interactions with positively
charged gentamicin. The adsorption isotherms were measured to
characterize binding interactions and release of gentamicin from
modified matrices were measured. The release rates were compared
to a mathematical model based on an instantaneous desorption cou-
pled with diffusion mechanism. Results. Ninety percent of the gen-
tamicin loaded was released from native collagen matrices in 2.5
days (one-sided slab geometry in-vitro). Succinylated collagen ma-
trices released 70% in 2.5 days and phosphonylated collagen matri-
ces released 50% in 2.5 days. Excellent agreement between model
predictions and experiment results were obtained. Conclusions.
Modified collagen can be much more effective in antibiotic therapy
in sustaining release rates compared to native collagen for charged
antibiotics like gentamicin.

KEY WORDS: diffusion; desorption; collagen; gentamicin; electro-
static; binding; release rates.

INTRODUCTION

There has been great interest in developing delivery sys-
tems for aminoglycoside antibiotics like gentamicin. Amino-
glycoside antibiotics are therapeutically important for the
treatment of severe infections caused by gram-negative ba-
cilli. An intensive gentamicin therapy is required for the
treatment of bacterial keratitis, sepsis in new born, corneal
infections, osteomyellitus and other post-surgical proce-
dures (1-3). Collagen shields, collagen sponges, implantable
collagen, high viscosity bone cement, and poly(L-Lactic
acid), have recently been investigated for use in delivering
gentamicin therapeutically. Collagen, because of its biocom-
patibility is especially attractive. A mechanistic understand-
ing of the effect of electrostatic binding interactions on re-
lease kinetics of gentamicin from collagen matrices is limited
and here we attempt to fill this gap.

Diffusion is a common mechanism used to modulate
drug delivery in collagen matrices. However due to small
sizes (and hence large diffusion coefficients) of antibiotics a
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prolonged release can not be obtained by simple Fickian
diffusion. In this study the viability of adsorption—
desorption as a release mechanism for gentamicin is evalu-
ated. In a recent paper (4) we have mathematically modeled
the release behavior of drugs mediated by a diffusion cou-
pled with desorption process. We were able to demonstrate
that by altering the binding strength, binding capacity, and
the rates of adsorption and desorption it was possible to
modulate the release over extended time periods. Further we
have established (5) the mechanisms governing release of
poly-L-lysine (a charged polypeptide) from collagen matri-
ces were instantaneous desorption coupled with diffusion.
Here, the release rates of gentamicin from collagen matrices
in the instantaneous desorption limit were measured and
compared with model predictions based on adsorption iso-
therm measurements.

The collagen triple helix contains about 17% charged
amino acid residues which are uniformly distributed over its
entire length. Collagen has a net neutral charge at physio-
logical conditions. The charge distribution on the collagen
molecule can be modified by specific chemical reactions to
yield a net negative or a net positive charge. These electro-
static charges enhance the retention of the oppositely
charged drugs by binding interactions. Modification of the
surface charge chemistry can therefore be used to modulate
the binding interactions between the collagen matrices and
charged drug molecules. The effect of two such charge mod-
ifications, succinylation and phosphonylation, on the release
rates of gentamicin are reported here.

THEORETICAL: MATHEMATICAL MODEL

A detailed analysis of the governing equations and the
mathematical solution corresponding to the release experi-
ments is available (4). Briefly, the drug delivery matrix is
treated as a slab of thickness L, which comprises a drug
homogeneously dispersed in a polymer. Previous experi-
ments have established that the mechanisms governing
polylysine release from collagen matrices are instantaneous
desorption coupled with diffusion resulting from non-
specific electrostatic binding interactions between collagen
matrices and polylysine (5). Since the binding interactions
between the collagen matrices and gentamicin studied here
are also primarily non-specific electrostatic interactions de-
sorption rates are expected to be much faster than diffusion
rates (instantaneous desorption limit). In this limit the con-
centration profile of drug (gentamicin in the matrix is gov-
erned by:

D(1 + KCa)?
((1 + KCa)P? + CraurixMa™K)

aCa/ot = #Cplax? (1)

where, C,, is the free drug concentration (mass/volume), X is
spatial position, t is time, D is the drug diffusivity (length?/
time) in the matrix, C,,,...x is the concentration of collagen in
the matrix (mass/volume), M ,™** is the maximum mass of
drug bound/ mass of collagen and K ((mass/volume)™!) is the
binding constant (Langmuir adsorption constant). For the
case when amount of drug loaded is much smaller than the
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binding capacity (weak binding strength), the binding iso-
therm is linear (M, = KM ,™** C,) and Eq. 1 reduces to:

D
(1 + CmatrixMAmaxK)

aCalot = )]

which is simple Fickian diffusion with an effective diffusivity
(D.gp):

Deff = D/(l + K MAmax Cmalrix) (3)

This indicates that for the limiting cases of instantaneous
desorption and a linear adsorption isotherm, the release
rates only depend on the diffusion coefficient (D) and the
slope of the adsorption isotherm (K M,™**). Consequently,
only the product K M,™** needs to be measured in adsorp-
tion experiments and not K and M,™** separately.

EXPERIMENTAL: MATERIALS AND METHODS

Materials

Purified Bovine type I collagen was supplied by Colla-
gen Corp. (Palo Alto, CA). Gentamicin sulfate and all other
reagents were purchased from Sigma Chemical Co. (St.
Louis, MO). Preparation of succinylated collagen and native
collagen has been described previously (6, 7). Glutarylation
of collagen is similar to the succinylation reaction. Glutary-
lation substitutes a negative charge at positively charged
lysine groups. The difference between these two modifica-
tions is in the length of the spacer arm (number of carbon
atoms between the collagen backbone and the charge). Glu-
tarylation was carried out under similar conditions to succi-
nylation (6, 7) substituting glutaric anhydride for succinic
anhydride. Glutarylated collagen precipitated at pH 4.3. Col-
lagen was phosphonylated using the bifunctional crosslink-
ing reagent glutaraldehyde which reacts with the primary
amines of collagen and 2-amino ethyl phosphonic acid
(AEPA). AEPA has been reported to have three pk, values
(2.6, 6.2 and 10.5) such that at neutral pH both the OH
groups are ionized (8). Phosphonylated collagen was sepa-
rated from the unreacted glutaraldehyde and AEPA by cen-
trifuging through 30,000 molecular weight cut off Centriprep
tubes (Amicon, MA). Phosphonylated collagen was dialyzed
against deionized water to remove any remaining unreacted
glutaraldehyde and AEPA. The phosphonylated collagen
was centrifuged to concentrate it and was equilibrated with
PBS (20 mM Sodium Phosphate, 130 mM Sodium Chloride
adjusted to pH 7.2). Figure 1 shows the structures of the
different side chains of the derivatized collagen molecules.

Glutarylated collagen showed similar solubility proper-
ties to succinylated collagen as a function of pH. Its isoelec-
tric point (minimum solubility) was observed in the range 4.0
- 4.5 which is similar to succinylated collagen (4.2 - 4.6) (7).
This indicates succinylated and glutarylated collagen have
similar charge densities. The protein content was measured
by the BCA assay (9) and the degree of charge modification
was quantified by measuring unmodified lysine content using
trinitrobenzene sulfonate (TNBS) (10). Glutarylated collagen
showed an 85% conversion and succinylated collagen
showed an 83% conversion based on the TNBS assay. This
indicates that succinylated and glutarylated collagen matri-
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Fig. 1. Structures of side chains of derivatized collagens and native
collagen molecules. Native collagen has a net neutral charge at
physiological conditions. Derivatized collagen molecules have a net
negative charge at physiological conditions.

ces have similar charge densities. Phosphonylated collagen
was 22% modified based on the TNBS assay. The low degree
of modification of phosphonylated collagen results from the
use of low concentrations of glutaraldehyde in the reaction
mixture to avoid crosslinking the collagen. The degree of
chemical modification was also characterized by titration of
derivatized collagen with NaOH as described elsewhere
(11). Good agreement was obtained between the two tech-
niques in quantifying the extent of charge modification.

Methods

Adsorption Isotherm Measurements

A simple approach using centrifree ultrafiltration tubes
(Amicon, MA) was utilized to measure the concentration of
bound and free gentamicin. The adsorption isotherms were
measured in different salt concentrations at pH 7.4. Collagen
(5-10 mg/ml in phosphate buffer with desired NaCl concen-
tration at pH 7.4) was mixed with different concentrations of
gentamicin (2-15 mg/ml in phosphate buffer with desired
NaCl concentration at pH 7.4) in a 1.5 ml centrifuge tube.
The adsorption mixture was allowed to mix and equilibrate
overnight. This mixture was added to a centrifree tube of
molecular weight cut off 30,000 daltons. The centrifree tubes
containing the sample were centrifuged at 3000 rpm for 1
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hour. Free gentamicin passes through the membrane and is
collected at the bottom as filtrate whereas bound gentamicin
can not pass through the membrane because of small pore
size of the filtration membrane (30,000 daltons cut off). The
free gentamicin concentration was analyzed by a TNBS (10)
assay which detects primary amines. Gentamicin concentra-
tions as low as 20 pg/ml could be measured reliably (Stan-
dard deviation < 5%) using this assay. Adsorption isotherm
experiments were performed in duplicate and from each ex-
periment three samples were analyzed to measure the con-
centration of free gentamicin. The standard deviation for the
measured free concentration value was less than 5%.

Release Rate Measurements

Collagen release matrices were adjusted to a concentra-
tion of 20 - 25 mg/ml in phosphate buffer of desired salt
concentration at pH 7.4. All the collagen matrices were
equilibrated in the same medium with which the release ex-
periments were performed. Gentamicin (1 - 10.5 mg/ml) was
loaded by a syringe to syringe mixing. One ml of collagen -
gentamicin admixed matrix was placed in a 4 ml cylindrical
vial. The interface was flattened and trapped air bubbles
removed by mild centrifugation. Each matrix was equili-
brated for 2 days prior to measuring release profiles. In vitro
release experiments were performed by placing 1 ml of phos-
phate buffer (20 mM sodium phosphate, pH 7.4) with desired
salt concentration on top of 1 ml of matrix at ambient tem-
perature. The buffer was removed every 6 - 24 hours and
replaced with fresh buffer. All release experiments were per-
formed in triplicate. Gentamicin released at each time point
was assayed by the TNBS assay, however, collagen present
in the release buffer was removed by centrifuging through
centrifree tubes (molecular weight cut off 30,000) prior to
performing the TNBS assay.

Measurement of Diffusion Coefficients

The free solution diffusivity for gentamicin was com-
puted by application of Fick’s second law to the release
profile obtained for gentamicin loaded into succinylated col-
lagen (SC) matrices with a 0.5 M salt concentration. Based
on the partition measurements described above no adsorp-
tion was indicated for gentamicin in the SC matrix with 0.5 M
salt concentration. Fick’s second law for long times gives the
following proportionality between log (fraction of loaded
gentamicin remaining in the matrix) and time (6):

In ( fraction remaining ) ~ - D w2 t /4 L? 4)
In Eq. 4, D is the diffusion coefficient, t is release time and
L is the diffusional path length (here L = 1 cm). The diffu-
sion coefficient was calculated from the slope of the linear
plot of In (fraction remaining) versus time (graph not shown).
The gentamicin release rates were measured using 0.5 M
NaCl in 20 mM phosphate buffer at pH 7.4. The calculated
diffusion coefficient is 46 x 10”7 cm?/sec. This value is rea-
sonable for a 562 daltons molecular weight molecule (12)
(sucrose, 344 daltons, for example has D = 53 x 107 cm?/
sec).
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Gentamicin Adsorption Behavior

Figure 2 shows the adsorption behavior of gentamicin
on native collagen, succinylated collagen (83% modified
based on TNBS value of conversion of lysines) and phos-
phonylated collagen (22% modified). Gentamicin is a hydro-
philic antibiotic which has 3 - 4 primary amine groups
present per molecule that ionize in solution. The net charge
on gentamicin is positive at physiological conditions and
gentamicin binds with negatively charged groups on an ad-
sorbate. Figure 2 shows some binding of gentamicin to na-
tive collagen, most likely due to electrostatic interactions
with the aspartic and glutamic acid (negatively charged)
groups, which increase when lysines of native collagen are
converted to succinic acids. A further enhancement of bind-
ing is observed for the case of phosphonylated collagen.
Gentamicin has a tendency to form aggregates at higher con-
centrations, so the adsorption studies were restricted to the
linear region of the isotherm. The legend for Figure 2 reports
the values of KM ,™** calculated from linear adsorption iso-
therm. Figure 2 shows that valence of the local charges plays
a very strong role on the binding interactions. Comparing the
slopes of the -1 charge of succinic acid groups to the -2
charge of phosphonic acid groups demonstrates that the
magnitude of the binding interaction is greater with the
higher valence phosphonic acid groups. Although phos-
phonic acid has a smaller degree of charge modification
(22%) compared to succinylated collagen (83%}), the higher
valence more than compensates for this and increases the
KM ,™** value by two times.
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Fig. 2. Adsorption isotherm for gentamicin interacting with NC (na-
tive collagen), PC(phosphonylated collagen) and SC (succinylated
collagen) in PBS (130 mM NaCi in 20 mM phosphate buffer at pH
7.4). The percentages in parenthesis indicate the degree of collagen
modification based on lysines modified. Slopes of adsorption iso-
therm (K M,™**) are: PC = 0.230 + 0.012, SC = 0.107 = 0.008,
and NC = 0.015 = 0.001. The errors represent the regression error
calculated by the Marquardt algorithm for a 95% confidence interval
(Ultrafit Software, Bioscience Inc., Cambridge).
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Figure 3 shows the effect of ionic strength on the ad-
sorption behavior of succinylated collagen (83% succiny-
lated). Decreasing the salt concentration increases the bind-
ing interaction strength. At higher salt concentrations (0.5 M
NaCl in 20 mM phosphate buffer) no binding is observed
which indicates that the binding interaction is primarily mod-
ulated by electrostatic forces. This type of behavior is ex-
pected and consistent with binding interactions seen with
other electrostatically charged matrices (13, 14). Legend re-
ports the slopes of the adsorption isotherms (K M ,™**) cal-
culated from Figure 3.

We also investigated the effect of spacer arm length,
between the surface charge site and backbone of collagen,
by comparing succinylated collagen (SC) and glutarylated
collagen (GC) with similar degrees of charge modification.
Succinylated collagen is 83% modified and has a pl (isoelec-
tric point) in the range of 4.2 - 4.6 and glutarylated collagen
is 85% and has a pl in the range of 4.0 - 4.6. This indicates
both have similar charge densities. Glutarylated collagen has
a 4 carbon spacer group compared to succinylated collagen
which has a 3 carbon spacer group between the lysine side
chain on collagen and the COOH group. The adsorption iso-
therm measurements were conducted in | mM phosphate
salt solution (pH 7.4) since at low salt concentrations the
electrostatic interactions are greater. The slopes of adsorp-
tion isotherms (KM ,™**) were 0.216 = 0.011 for glutarylated
collagen and 0.190 = 0.011 for succinylated collagen. This
indicates no significant effect on the adsorption behavior
when comparing succinylated collagen with glutarylated col-
lagen.
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Fig. 3. The effect of changing ionic strength of adsorption buffer is
shown for gentamicin binding on succinylated collagen (83% mod-
ified). Slopes of adsorption isotherm (K M,™**) are: SC in 0.5 M
NaCl with phosphate buffer =0.0, SC in PBS = 0.107 * 0.008, and
SC in 1mM phosphate buffer = 0.190 = 0.010. The errors represent
the regression error calculated by the Marquardt algorithm for a 95%
confidence interval (Ultrafit Software, Bioscience Inc., Cambridge).
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Gentamicin Release Measurements and Comparison with
Mathematical Modeling

Gentamicin release rates can be predicted from Equa-
tion 2 in the limit of a linear isotherm. Equation 2 was solved
using the appropriate boundary conditions to calculate the
release rates (6, 15). Figure 4 shows the effect of charge
density on the release rates and comparisons with model
predictions. The data points represent mean values for trip-
licate measurements (n=3) and the standard deviation was
less than 5% for a 95% confidence interval. Solid lines indi-
cate the model predictions based on adsorption isotherm
measurements. The degree of charge modification and the
concentrations of collagen employed are indicated in the pa-
renthesis. The release rates here are measured in PBS (130
mM NaCl in 20 mM phosphate buffer, pH 7.4). They show
that increasing the charge density decreases the release
rates. Also, increasing the valence of charges employed re-
sults in slower release rates due to enhanced binding inter-
actions.

Figure 4 shows that 50% of the gentamicin loaded re-
leases from native collagen in about 15 hours compared to 75
hours for the case of phosphonylated collagen. It shows that
by altering the binding interactions it is possible to increase
the duration of delivery from collagen matrices. The model
predicts (solid lines) the release rates very accurately indi-
cating that the release rate is controlled by an instantaneous
desorption coupled with diffusion process.

Adsorption isotherm studies have indicated that in-
creasing the salt concentration in the buffer reduces the elec-
trostatic binding interactions. Figure 5 shows the effect of
ionic strength on the release rates. The release rates were
measured from succinylated collagen matrices in phosphate
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Fig. 4. Release kinetics of gentamicin from native (NC), succiny-
lated (SC) and phosphonylated (PC) collagen matrices in PBS (130
mM NaCl in 20 mM phosphate buffer at pH 7.4). The solid lines
indicate the model predictions based on adsorption isotherm mea-
surements. The data points represent mean values for triplicate ex-
periments and the standard deviations for a 95% confidence interval
are less than 5%.
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Fig. 5. Effect of ionic strength on the release kinetics of gentamicin
from 83% succinylated collagen. The solid lines indicate the release
rates as predicted by mathematical model based on adsorption pa-
rameters. The data points represent mean values for triplicate ex-
periments and standard deviations for a 95% confidence interval are
less than 5%.

buffer with three different salt concentrations at pH 7.4. All
the experiments were performed in triplicate (n=3) and data
points shown in graph represent mean values. The standard
deviation was less than 5% for a 95% confidence interval.
Lowering the salt concentration decreases the release rates
due to enhanced binding interactions. The release rates at
high salt concentration are by simple Fickian diffusion with
no binding interactions. This result was used to calculate the
free solution diffusivity as discussed previously. Solid lines
indicate model predictions based on the adsorption isotherm
measurements. Good agreement between model predictions
and experimental release rates were obtained.

We also evaluated the effect of spacer arm length on
release rates of gentamicin by comparing the succinylated
and glutarylated collagen matrices in I mM phosphate buffer
(pH 7.4). No effect on release rates is observed between the
succinylated and glutarylated collagen matrices, confirming
that increasing the spacer length from 3 to 4 carbons does not
enhance the binding interactions (graph not shown).

Equation 2 indicates that, for the case of a linear ad-
sorption isotherm, the normalized release rates (fraction of
drug loaded) are independent of the amount of drug loaded
as long as the drug diffusion is not hindered by the higher
concentration of drug. Figure 6 compares the release rates
for two different loadings on the succinylated collagen (83%)
matrices. The release measurements were conducted in
PBS. Gentamicin loading of 1.05 mg/ml and 10.50 mg/ml
were used to compare the release rates. The data points in
Figure 6 represent mean values for n=3 and the standard
deviation was less than 5% for a 95% confidence interval.
The solid lines represent model predictions for two different
loadings of gentamicin. Figure 6 shows no appreciable effect
of loading on the release rates.

CONCLUSIONS

Collagen matrices, sponges, and shields have been
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Fig. 6. Effect of gentamicin loading on release kinetics from succi-
nylated collagen (83%) in PBS (130 mM NaCl in 20 mM phosphate
buffer at pH 7.4). The solid lines indicate the release rates as pre-
dicted by mathematical model based on adsorption parameters for
both loadings levels. The data points represent mean values for
triplicate experiments and the standard deviations for a 95% confi-
dence interval are less than 5%.

widely investigated for release of gentamicin and other an-
tibiotics. Here, we investigated the effect of charge modifi-
cation, ionic strength and spacer arm length on the release of
gentamicin from collagen matrices. Increasing the charge
density increases the strength of binding interactions and
thereby retards release rates. Succinylated collagen (83%)
showed a seven fold increase in the KM ,™** (from 0.015 to
0.107) value compared to native collagen. Ninety percent of
gentamicin loaded released from native collagen matrix in
about 2.5 days (from the 1 sided thick-slab geometry used
here). Charge interactions of succinylated collagen can in-
crease this duration to about 7 days (based on model calcu-
lations). Increasing the charge valence to -2, by using phos-
phonylated collagen (22%), doubled the KM ,™** value com-
pared to succinylated collagen. The model calculations for
phosphonylated collagen show that it can increase the dura-
tion of 90% release to 12 days. This represents a five fold
increase (compared to native collagen) in the duration in
which phosphonylated collagen will be effective and the pro-
file is more closer to zero order as well. Modified collagen
will presumably be more effective in antibiotic therapy in
sustaining release rates compared to native collagen for
charged antibiotics like gentamicin. However, there are very
apparent limitations to electrostatic interactions as a mech-
anism for sustaining release rates in the instantaneous de-
sorption limit. These systems can not enhance the release
duration by orders of magnitude when low to moderate bind-
ing strengths and fast desorption rates prevail under physi-
ological conditions.

NOTATION

C, = Free concentration, C,,.;x = Collagen concentra-
tion, D = Free solution diffusion coefficient, Deff = Effec-
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tive diffusion coefficient, GC = Glutarylated collagen, K =
Langmuir adsorption constant, L. = Diffusional path length,
M, = amount bound/mg of collagen, M,™** = Binding ca-
pacity, NC = Native collagen, PBS = 130 mM NaCl in 20
mM phosphate buffer, pH 7.4, PC = Phosphonylated colla-
gen, SC = Succinylated collagen, t = Release time.

ACKNOWLEDGMENTS

M. Singh gratefully acknowledges fellowship support
from University of Maryland Baltimore County during this
investigation.

REFERENCES

1. F. A. Waldvogel. Acute Osteomyelitis. In Orthopedic Infection,
D. Schlossberg, Editor. 1988, Springer: New York. pp. 1-20.

2. J. Silbiger. Evaluation of corneal collagen shields as a drug de-
livery device for the treatment of experimental Pseudomanas
Keratitis. Ophthalmology. 99: 889-892 (1992).

3. W. Semchuk, J. Borgmann, and L. Bowman. Determination of
a gentamicin loading dose in neonates and infants. Therapeutic
Drug Monitoring. 15: 47-51 (1993).

4. M. Singh, J. A. Lumpkin, and J. Rosenblatt. Mathematical
modeling of drug release from hydrogel matrices via a diffusion
coupled with desorption mechanism. J. Contr. Rel. 32: 17-25
(1994).

5. M. Singh, J. A. Lumpkin, and J. Rosenblatt. Diffusion and de-
sorption controlled polypeptide release from collagen matrices.

10.

11.

12.

13.

14.

Singh, Stefko, Lumpkin, and Rosenblatt

In Proc. Inter. Symp. Control. Bioact. Mater. 21: 300-301, Nice,
France (1994).

. J. Rosenblatt, W. Rhee, and D. Wallace. The effect of collagen

fiber size distribution on the release rate of proteins from col-
lagen matrices by diffusion. J. Contr. Rel 9: 195-203 (1989).

. T. Miyata, A. L. Rubin, K. H. Stenzel, and M. W. Dunn. Col-

lagen drug delivery device. U.S. Patent. 4,164,559 (1979).

. M. Horiguchi, and M. Kandatsu, Isolation of 2-aminoethane

phosphonic acid from rumen protozoa. Nature 184: 901-902
(1959).

. P. K. Smith, R. I. Krohn, G. T. Hermanson, A. K. Mallia,

F. H. Gartner, M. D. Provenzano, E. K. Fujimoto, N. M.
Goeke, B. J. Olson, and D. C. Klenk. Measurement of protein
using Bicinchoninic acid. Anal. Biochem. 150: 76-85 (1985).

A. K. Hazra, S. P. Chock, and R. W. Albers. Protein determi-
nation with TNBS: A method relatively independent of amino
acid composition. Anal. Biochem. 137: p. 437-443 (1984).

M. Singh, J. A. Lumpkin, and J. Rosenblatt. Effect of electro-
static interactions on polylysine release rates from collagen ma-
trices and comparison with model predictions. (in Press) J.
Contr. Rel. (1995).

E. L. Cussler. Diffusion (Mass Transfer in fluid systems), Cam-
bridge University Press, NY, 1984.

G. S. Manning. The molecular theory of polyelectrolyte solu-
tions with applications to the electrostatic properties of polynu-
cleotides. Q. Rev. Biophys. 11: 179-246 (1978).

M. T. Record, C. E Anderson, and T. Lohman. Thermody-
namic analysis of ion effects on the binding and conformational
equilibria of proteins and nucleic acids: the role of ion associa-
tion or release, screening, and ion effects on water activity. Q.
Rev. Biophys. 11: 103-178 (1978).

. J. Crank. The Mathematics of Diffusion., Clarendon Press, Ox-

ford, 1975.



