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(6) or silica (7, 8) . SEC partition coefficients of proteins
In order to examine the permeation of small charged colloids on polymer-based chromatographic gels also display clear

into cavities of like charge, size-exclusion chromatography was evidence of repulsive effects when pH is larger than the
carried out with carboxyl-terminated dendritic polymers on a po-

protein isoelectric points (9, 10).
rous glass stationary phase. Chromatographic partition coeffi-

While there are numerous qualitative reports of the dimi-cients KSEC were measured for solute diameters ranging from 2 to
nution of permeation by electrostatic repulsion, quantitative8 nm, at neutral pH, and ionic strengths from 0.01 to 0.09 M, and
treatments are less common. Lin and Deen (11) measuredwere reported relative to those of noninteracting solutes of equal
the diffusivity of polystyrene sulfonate through track-etchedsize (pullulan and Ficoll ) . The experimental results were com-

pared to values calculated using the treatment of F. G. Smith III nucleopore membranes as a function of ionic strength and
and W. M. Deen for charged spheres in cylindrical pores of like membrane pore radius, and compared the data to theoretical
charge (J. Colloid Interface Sci. 78, 44 (1980) ; 91, 571 (1983)) . results obtained from a model that incorporates long-range
The measured degrees of permeation were typically 20–100% solute-pore interactions into the partitioning of flexible chain
larger than the calculated values, the discrepancies being greatest macromolecules in like-charged pores (12). The reduction
for the larger solutes at high ionic strength. It is shown that the

in diffusivity with decrease in ionic strength could be attrib-tendency of the calculations to overestimate the repulsion are
uted to a reduction in the partition coefficient related to anlikely to arise from linearization of the Poisson–Boltzmann equa-
increase in the Debye length. The measured ratio of poretion. q 1996 Academic Press, Inc.

diffusion to free diffusion (D /D`) was found to be in general
agreement with predictions from theoretical results. How-
ever, the situation was complicated because it was necessaryINTRODUCTION
to calculate the polymer charge taking into account counter-

The permeation of macromolecular solutes into porous ion condensation and because the polymer dimensions (ra-
materials is a factor in such diverse fields as ultrafiltration, dius of gyration) at different ionic strengths were obtained
renal transport, enhanced oil recovery, and chromatography. via extrapolation of literature data. With regard to the latter
In aqueous systems, most porous materials acquire a surface problem, treatment of rigid solutes should offer some simpli-
charge, usually negative, either because of adsorption of fication. Hoagland, for example, studied the permeation of
small ions or because of intrinsic ionophores. If the macro- charged rods into cavities of like charge (13). Smith and
molecular species are similarly charged, repulsive effects Deen (14, 15) provided a theoretical treatment for the per-
will reduce their permeation. Several manifestations of this meation of spherical solutes (uniform surface charge, or
effect may be noted. The restricted diffusion of macroions uniform volume charge) into cylindrical pores; comparison
through porous membranes with similar charge is strongly with measurements for hindered diffusion of either ficoll
dependent on ionic strength (1) . The permeation of poly- sulfate (a densely branched polyanion) or dextran sulfate
electrolytes into porous glass substrates, as measured by size (a weakly branched polyanion) yielded some rather large
exclusion chromatography (SEC), is sensitive to both ionic discrepancies (1) , and it was suggested that these differences
strength and pH, the latter influencing the charge on the glass might reflect the choice of the hydrodynamic model.
stationary phase (2–5). Similar results have been noted for The foregoing discussion is intended to suggest the value
anionic charged latexes chromatographed on porous glass of carrying out measurements with a solute that behaves as

a well-defined surface-charged sphere. Furthermore, SEC
1 To whom correspondence should be addressed. offers, in at least one sense, a better test of permeation theo-
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398 SHAH ET AL.

ries than restricted diffusion experiments, inasmuch as the TABLE 2
Characteristics of Ficoll Fractionsahydrodynamic effects (enhanced drag within the pore) do

not need to be considered (16). This approach depends, of
Fraction MV w MV n MV w/MV ncourse, on the availability of an SEC stationary phase/solute

system that is well characterized with respect to geometry T1800, from (9) 714,000 337,000 2.1
and charge. Latexes on porous silica or glass might seem to T1800, from (12) 461,000 257,000 1.8

T1800, from (15) 321,000 244,000 1.3offer such a system, but we and others (6) have observed
T1800, from (20) 132,000 113,700 1.2strong adsorption of latexes on siliceous packings. Dendrim-
T2580-IVB, from (2) 71,800 64,600 1.1ers provide an interesting class of compounds for this reason,
T2580-IVB, from (11) 21,800 20,300 1.1

since solute structure appears to be well defined, with charge
groups residing at the distal ends of the molecule which a From supplier.
may then constitute a ‘‘charged surface.’’ We have recently
discussed the merit of carboxyl-terminated dendrimers as material fulfills all these requirements. We have selected
SEC standards (17); however, in that work we attempted to crushed porous glass as the optimal available stationary
suppress electrostatic effects by appropriate choice of ionic phase. Developed by Haller (21), ‘‘CPG’’ is prepared by
strength and pH. Under conditions of lower ionic strength, careful heat treatment which develops heterogeneous re-
and higher pH, carboxyl-terminated dendrimers would seem gions; after crushing and sieving, the softer phase is removed
to provide a good test of models for the restricted permeation by acid leaching. In contrast to packings based on synthetic
of surface-charged spheres into like-charge cavities, which polymers or polysaccharides, porous glass can be character-
is the theme of the current work. ized by mercury intrusion. The materials prepared by Haller

In this work we focus on the treatment of Smith and Deen typically had narrow pore size distributions (PSD) of 5–
(14, 15) in which the permeation coefficient of a charged 15% (22); commercial CPG may have larger PSDs but still
sphere into a like-charged cylindrical cavity is computed as narrow compared to many semirigid gels. The pore structure
a function of the sphere and cylinder radii, the cylindrical of CPG as seen by SEM has been compared to swiss cheese
surface charge density, the ionic strength, and the sphere (23). Nevertheless, results obtained with various solutes
charge. The S&D theory considers spheres of either uniform conform closely to a linear dependence of the square root
surface charge density or uniform volume charge density. of the chromatographic partition coefficient (permeation co-
The dendritic polymers (18, 19) used here must conform to efficient) on solute radii, which is the behavior predicted for
the former case, since the charges are located on the distal cylindrical pores (4, 24).
segments. As a reference material, we use the electrically

EXPERIMENTALneutral macromolecule Ficoll, which is densely branched
Materialsand so may be considered as an uncharged sphere (20). The

selection of an appropriate stationary phase is problematic. Narrow molecular weight distribution (MWD) standards
Ideally, this material would have cylindrical pores of narrow of the linear nonionic polysaccharide pullulan, described in
size distribution, with well-defined surfaces whose surface Table 1 (P-82, Lot. 10101), were purchased from SDK
charge densities may be readily determined. No commercial Showa Denko (New York, NY). MW fractions of the

densely branched nonionic polysaccharide ficoll were gifts
from Dr. Kristi Granath of Kabi Pharmacia, Uppsala. Frac-

TABLE 1 tions 1–4 were characterized by SEC on Sepharose 4B and
Characteristics of Pullulan Standards 5–6 on Sephadex G-200 Superfine. The characteristics of

the fractions are described in Table 2. Cascade polymers[h]b Rh [h]d Rh

(Table 3) were prepared according to the procedure ofSample Mw
a MV w/MV n

a (cm3/g) (Å)c (cm3/g) (Å)e

Young et al. (18) and fully characterized. The hydrodynamic
P-800 853,000 1.14 187.0 294 171 285 radii were calculated via the Stokes–Einstein equation from
P-200 186,000 1.13 70.4 128 55 118 measured diffusion coefficients obtained with pulsed field
P-100 100,000 1.10 45.9 90 39.8 86

gradient NMR for each polymer generation at about 1 mMP-50 48,000 1.09 28.6 60 23.4 56
concentration (19). Sodium phosphate, NaCl, HCl, NaOH,P-20 23,700 1.07 18.1 41 15.5 39

P-10 12,200 1.06 11.9 28 9.7 27 and D2O were of reagent grade. Milli-Q water was used
P-5 5,800 1.07 7.9 19 6.3 18 throughout the experiment.

Methodsa Supplied by the manufacturer.
b In water, at 257C (supplied by the manufacturer). ( i ) Size Exclusion Chromatography (SEC)
c From columns two and four via Eq. [6].

The chromatography system consisted of a Milton Royd From Ref. (10), in 0.2 M sodium phosphate buffer (pH 7.0) at 257C.
e From columns two and six via Eq. [6]. Mini Pump (St. Petersburg, FL), a 75-mL injection loop
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399SIZE-EXCLUSION CHROMATOGRAPHY

TABLE 3 observed up to pH 10.00, the sample still has some 0SiOH
Characteristics of Cascade Polymers groups at this pH. The amount of NaOH that would be

required to bring a fully protonated sample to a specified
Number of terminal Hydrodynamic pH £ 7.0 was calculated as (Vs 0 Vb)0 0 (Vs 0 Vb) , where

Generation COOH MW radius (Å)a

(Vs 0 Vb)0 corresponds to the lower endpoint. For pH ú
7.0, the corresponding quantity was Vs 0 Vb , where V is the1 12 1,341 12.3

2 36 4,092 17.3 volume of added base. Multiplication by the molarity of
3 108 12,345 23.9 titrant gave the number of milliequivalents of SiO0 formed,
4 324 37,102 33.1 n . The packing surface charge density was calculated as
5 972 111,373 37.1

a From Ref. (18), at neutral pH. sp Å 9[n /1000]NA)/mrerS [1]

where NA is Avogadro’s number, e is the elementary chargefrom Valco Instruments (Houston, TX), an R401 differential
in coulombs, m is the weight of the sample in grams, and Srefractometer from Waters Associates (Milford, MA), and
is the specific surface area of sample in m2/g. A similaran Omniscribe Recorder from Houston Instruments (Austin,
procedure was applied to determine the surface charge den-TX). Stainless steel columns (50 1 0.55 cm i.d.) with 2-
sity at 0.03 and 0.05 M NaCl.mm end frits from Supelco (Bellefonte, PA) were dry packed

with BIORAN-CPG from Schott Gerate (Mainz, Germany).
( iii ) Measurement of Surface Charge Density of SolutesThe column efficiency was obtained by injecting 10% of

D2O in I Å 0.003 M, pH 7.0 sodium phosphate buffer on A. Structural method. To determine the number of -COO0 /
CPG-1. Characteristics of the CPG columns are shown in molecule at any pH, cascade polymers were titrated in a
Table 4. manner similar to the packing material. Solutions containing

Mobile phases were prepared from NaH2PO4 and 3 mg of dendrimer were prepared in 100 mL of 0.01, 0.03,
Na2HPO4 to the required ionic strength and pH, then filtered and 0.05 M NaCl. Titrations were carried out as described
through 0.45-mm filters. Chromatograms were obtained by in (ii ) above, with the substitution of 0.02 for 0.05 M NaOH.
injecting 3 to 5 mg/mL of polymer solution at a flow rate The formal surface charge density, ss , can be determined
of 0.8 to 0.9 mL/min and chart speed of 0.5 mL/min. Elution from the number of -COO0 so that
volumes were obtained using flow rates which were mea-
sured periodically by weighing the column eluant, respec-

ss Å [Mb(Vs 0 Vb) /1000] 1 MW/m[e /4pR 2
h] , [2]tively. Vt , total volume, and V0 , void volume, were obtained

by injecting D2O and pullulan 800, respectively. The chro-
where n is the number of moles of COO0 formed, Mb is thematographic partition coefficient was determined as KSEC Å
molarity of titrant, Vs is the volume of titrant ( in milliliters)(Ve 0 V0) / (Vt 0 V0) .
for the sample, Vb is the volume of titrant ( in milliliters) for

( ii ) Measurement of Surface Charge Density of Packing the blank, MW is molecular weight of the polymer, m is the
mass of the sample used for titration, e is the elementarypH measurements of CPG were performed with an Orion
charge (in coulombs), and Rh is the viscosity radius (in811 research pH meter (Boston, MA), with a Beckmann
meters) . The surface charge density, ss (C m02) , obtainedcombination electrode. About 0.05 g of CPG-1 was weighed
in this way was called the structural charge density.precisely into a glass vial with a stir bar, and exactly 12.00

B. Potential method. The titration curves yield also a,g of 0.01 M NaCl was added. After passing N2 through the
the degree of ionization, and thus pKa Å pH / log[(1 0solution for 5–10 min, the pH was adjusted to 7.00 by adding
a) /a] . The surface potential f0 may be obtained asless than 0.01 mL of 0.2 M NaOH. The solution was titrated

with 0.05 M HCl to pH 3.0 under N2 atmosphere with a 0.2
mL Gilmont microburette (Great Neck, NY). The amount

TABLE 4
of titrant was adjusted to get nearly 0.1 pH increments. A

Characterization of CPGa

blank of 12.00 g of 0.01 M NaCl was titrated in close proxim-
ity to the sample. The difference in titrant volume for sample Grain size Por radius Specific surface

Sample (mm)a (Å)b area (m2/g) Theoretical platescand blank was calculated at corresponding pH’s during the
titration. The titration was concluded when the difference

CPG-1 30–60 130 136 1000between Vs and Vb became constant, at which point the solute
would be fully protonated (zero charge) . a Supplied by manufacturer.

A similar titration was carried out from pH 7.00 to 10.00 b Measured by mercury porosimetry (supplied by manufacturer).
c Experimentally measured in 50 cm 1 0.55 cm i.d. packed column.using 0.02 M NaOH. Since constant (Vs 0 Vb) was not
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400 SHAH ET AL.

TABLE 5pKa 0 pK0 Å 0.434(ef0 /kT ) , [3]
Size Measurements of Ficoll Fractions

where pK0 is pKa extrapolated to a Å 0. The relevant ‘‘sur-
[h]b Rh

c [h]d Rh
e

face’’ is the mean locus of bound protons.
Fraction MV w

a (cm3/g) (Å) (cm3/g) (Å)
For spherical particles of radius r , the surface charge den-

sity, sw , may be obtained from f0 (25) T1800, Fr. 9 714,000 20 131 23.9 f 139
T1800, Fr. 12 461,000 17.5 f 109 20.8 f 115
T1800, Fr. 15 321,000 16.2 94 17.5 96sw Å f01r10(1 / kr) /r , [4]
T1800, Fr. 20 132,000 12.6 64 13.4 65
T2580-IVB, Fr. 2 71,800 9.9 48 10.9 50

where 1r is the dielectric constant (at 257C), 10 is the permitivity T2580-IVB, Fr. 11 21,800 7.0 f 29 7.8 f 30
of vacuum (F m01), and k(m01) is the reciprocal Debye length

a From supplier.(all in MKS units, so that sw has units of C m02).
b In water at 257C.
c From column 2 and 3, via Eq. (6).( iv) Electrophoretic Light Scattering
d In 0.2 M sodium phosphate buffer (pH 4.5) at 257C.
e From column 2 and 5, via Eq. (6).The electrophoretic mobility of the generation number
f Interpolated value.5 cascade polymer was measured on a Coulter Delsa 440

(Langley Ford Instruments, Amherst, MA) using a Ç7 mg/
mL solution in 10 mM pH 7 sodium phosphate buffer. The mm Gelman filters. Efflux times, in the range of 107–113 s,
relationship between zeta potential, z , and electrophoretic were measured with a precision of {0.02 s. The intrinsic vis-
mobility, u (26), is cosity, [h] (cm3/g), was obtained from the intercept of the

plot of hsp /c vs c, where hsp is (hrel 0 1), and hrel is the ratio
u Å cz1r10 /h, [5] of efflux time of the pure solvent to the sample solution. Rh

(cm) can be calculated from the equation (27)
where 1r Å 78.54 at 257C, 10 Å 8.85 1 10012 F m01 , c is a
dimensionless constant, and h, the viscosity, Å 0.8902 1

Rh Å S3[h]M

10pNA
D1/3

, [6]
1003 N s m02 at 257C. The value of c for kR õ 0.1 is 2/3
while for kR ú 100, c is 1. As kR was about 2, c Å 2/3
was used in our case. where M is the molecular weight of the polymer.

Viscosities for cascade polymers were measured in an
(v) Viscosity identical manner. In order to avoid aggregation, 12–15 mg/

mL solutions of the polymers in water were adjusted to pHIntrinsic viscosities of Ficoll fractions were measured with
7 with the addition of 0.07–0.12 mL 1 N NaOH per 1 mLa Schott Gerate AVS-400 equipped with a 2-mL capacity capil-
of sample solution.lary viscometer (capillary constant Å 0.008352) at 25.0 {

0.027C. The Ficoll samples were dissolved in water or I Å 0.2
(vi) ConductivityM, pH 4.5 sodium phosphate buffer, at concentrations ranging

from 10 to 24 mg/mL. All samples were filtered through 0.45- Ionic strengths of the dendrimer solutions used for vis-
cometry were determined by conductimetry at 257C. The
resistance of cascade polymer solutions was measured after
25- to 50-fold dilution, depending on the amount available.
A calibration curve was obtained by measuring the resistance
of sodium chloride solutions of known ionic strength (con-
ductivity Å cell constant/resistance) and used to determine
the apparent ionic strength of the dendrimer solution.

(vii ) Calculations

All calculations were based on equations from Ref. (15),
which were solved using Mathematica (Addison–Wesley).

RESULTS AND DISCUSSION

Characterization of Ficolls

Intrinsic viscosities were measured for Ficoll fractions inFIG. 1. Mark–Houwink plots for Ficoll in pure water (s) , and 0.3 M,
pH 4.5 phosphate buffer (l) . water and in 0.3 M, pH 4.5 phosphate buffer at 25 { 0.027C.
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401SIZE-EXCLUSION CHROMATOGRAPHY

The results are presented in the double logarithmic plots of sion of intrinsic viscosity measurements, even for relatively
small solutes, we elected to determine the viscosity radius.Fig. 1, and conform to the Mark–Houwink relation [h] Å
Direct dissolution of cascade polymers in 0.01 M, pH 7.00KMa with K , a equal to 0.30, 0.35 in water, and 0.32, 0.32
phosphate buffer, produced a drop of 3 pH units, due toin buffer. The former result is in moderate agreement with
exchange of Na/ for H/ from the polymer. We thereforeLavrenko (20) et al. who found K , a Å 0.2, 0.35 in water
chose to adjust the pH of polymer in pure water by theat 267C. The enhancement in Ficoll viscosity with ionic
addition of NaOH, and then to determine the ionic strengthstrength was observed also by Shah and Dubin (28) who
conductimetrically. The relationship between ionic strengthfound an elevation of 15% in [h] for 7 1 105 MW Ficoll
and conductivity was obtained by measuring the conductiv-upon raising the ionic strength from zero to 0.1 M sodium
ity of NaCl solutions from 0.05 to 5 mM. Application ofphosphate. Viscosity radii calculated from [h] and MW are
this calibration to the measured conductivities of cascadeshown in Table 5. The ionic-strength dependence of the
polymers at pH 7 produced the results shown in Fig. 3. TheFicoll radii is very small.
relatively low slopes for G3 and G5 can be explained in
terms of the relatively low degree of ionization for theseCharacterization of Cascade Polymers
solutes at any pH, which was also observed by potentiomet-

The structure of G2 cascade polymer, shown in Fig. 2, ric titration (see below). Figure 4 shows the concentration
indicates that these solutes can be treated to a close approxi- dependence of the reduced specific viscosity in pure water
mation as spheres. In this case, various hydrodynamic meth- (after pH adjustment with NaOH) plotted according to the

empirical equation put forward by Fuoss (29), (hsp /c)01 Åods should yield the same radius. Because of the high preci-

FIG. 2. Structure of G Å 2 cascade polymer.
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402 SHAH ET AL.

TABLE 6
Surface Charge Density of Cascade Polymers at pH Å 7.0

Generation Apparent ionic f0
a Rh

b sf
c ss

d

number strength, I*, (M) (volt) (Å) (C m02) (C m02)

1 0.01 0.055 15 0.038 0.062
0.03 0.045 14 0.041 0.084
0.05 0.047 13 0.050 0.090

3 0.01 0.051 32 0.018 0.085
0.03 0.041 28 0.033 0.142
0.05 0.046 26 0.036 0.161

5 0.01 0.051 85 0.016 0.018
0.03 0.049 62 0.025 0.267
0.05 0.048 58 0.030 0.284

a Surface potential from potentiometric titration.
b From viscosity measurement.
c Surface charge density calculated using Eq. [4] and column 3.FIG. 3. Apparent ionic strength (from conductivity) in pure water for
d Surface charge density calculated using Eq. [2] and column 4.cascade polymers G1 (s) , G3 (n) , and G5 (h) .

A / Bc 1/2 . However, we observed nonlinear plots of pected from electrostatic considerations, the polymers are
c /hsp vs c 1/2 , which might be due to the very high polymer weaker acids at the lowest ionic strength. The titration data
concentration and its effect on the ionic strength. On the can also be analyzed as plots of pKa Å pH / log[(1 0 a) /
basis of the curves in Figs. 2 and 3, we determined hsp /c a] vs a, with a representative example shown in Fig. 8 for
for each polymer at ionic strengths of 0.01, 0.03, and 0.05, G-5. From this plot one may determine the surface potential,
and thence the apparent viscosity radii R *h , where the prime f0 , via Eq. [3] , and thence the surface charge density, using
indicates a value based on hsp /c instead of [h] . These values Eq. [4] . The surface charge density determined in this way,
are reported for the three cascade polymers at different ionic sf , is given in Table 6, along with ss and f0 . The values
strengths in Table 6. of sf are significantly larger than the values of ss . Electro-

pH titration curves are presented in Figs. 5–7 as the num- phoretic mobility was carried out on G5 in 10 mM, pH 7
ber of carboxylate groups formed per molecule vs pH, at buffer and, by application of Eq. [4] , yielded a zeta potential
each of three ionic strengths. Titration showed a well-defined of 48 mV, in excellent agreement with f0 . We therefore
high-pH endpoint at which the number of COO0 /molecule conclude that the potentiometric method provides the correct
was within {10% of the calculated value. These data enable surface potential, and that the structural surface charge den-
us to determine a ‘‘structural charge density,’’ ss . As ex- sity is too large because it neglects counterion binding.

Structural charge densities in general increase with genera-
tion number due to closer packing of ionophores, while po-

FIG. 4. Concentration dependence of reduced specific viscosity in pure
water, for G1 (s) , G3 (h) , and G5 (h) , plotted according to Fuoss FIG. 5. pH titration curves presented as number of COO0 per molecule

for G1, at ionic strengths 0.01 (s) , 0.03 (h) , and 0.05 M (n) .equation.
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403SIZE-EXCLUSION CHROMATOGRAPHY

FIG. 6. pH titration curves presented as number of COO0 per molecule FIG. 7. pH titration curves presented as number of COO0 per molecule
for G5, at ionic strengths 0.01 (s) , 0.03 (h) , and 0.05 M (n) .for G3, at ionic strengths 0.01 (s) , 0.03 (h) , and 0.05 M (n) .

all the other polymers at pH 6.0 and I Å 50 mM, despitetentiometric surface charge densities decrease with increas-
its greater size) .ing generation number. This may be attributable to the pro-

We would like to evaluate the extent of repulsion of thenounced difference in counterion binding between spherical
cascade polymers by comparison with the ‘‘calibration’’and planar charged surfaces (30).
curve for Ficoll and pullulan, as shown in Fig. 11 for G1,
G3, and G5 at pH 7.0. Note, however, that the data pointCharacterization of Porous Glass
for G5 in 90 mM buffer crosses the Ficoll /pullulan curve,

Chromatographic partition coefficients of Ficoll and pullu- indicating adsorption. This becomes more evident at pH 6.0,
lan are plotted vs viscosity radii in 3 mM, pH 7.0 buffer, in as seen in Fig. 12. The adsorption of G5 at higher ionic
Fig. 9. Nine of the 12 data fall on a line corresponding to strength and lower pH can be understood by the increase in
the equation KSEC Å [(rp 0 Rh) /rp] 2 which describes the COOH and SiOH groups on polymer and glass, respectively,
permeation of a sphere of radius Rh into a cylindrical cavity accompanied by a decrease in repulsive forces. The in-
of radius rp . The negative reciprocal of the slope in Fig. 9 creased planarity of the two surfaces also contributes to hy-
then gives the mean pore radius as 140 Å, in good agreement drogen bonding between the two species. Such adsorptive
with the manufacturer’s porosimetry result of 130 Å. The interactions are even more prominent with other colloidal
good linearity seen in Fig. 9 is also evidence of narrow pore solutes. We found that a 7-nm ‘‘carboxyl-modified latex,’’
size distribution: if the PSD were significant, then at low K which eluted in the exclusion limit in 3 mM pH 7 buffer,
values the polymers would permeate only the larger pores, was completely adsorbed in 90 mM buffer. Similarly, 6- and
the apparent pore size would increase, and the slope would 11-nm Ludox samples (HS40 and TM, respectively) were
change (22).

The surface charge density of CPG sp was obtained by
pH titration, with the results shown in Fig. 10. As expected,
the glass is more acidic at higher ionic strength. From the
titration curves, the surface charge density of the glass at
pH 7 was calculated at ionic strengths of 10, 30, and 50
mM, as 0.09 C, 0.019 C, and 0.021 C m02 , respectively.

Chromatography

Values of KSEC for G1–G5 cascade polymers, measured
in pH 6.0, 7.0, and 8.0 phosphate buffers, ranging from 10
to 200 mM, are shown in Table 7. As expected, permeation
increases with increased ionic strength, with decreasing pH,
and with decreasing solute size. The variation of KSEC with
pH, at 50 mM, is much larger for G5 than for G1. In part, FIG. 8. Dependence of pKa on a for G5, in 0.01 M (Fig. 5. pH titration
this is attributable to the strong repulsion of G5, but it is curves presented as number of COO0 per molecule for G1, at ionic strengths

0.01 (s) , 0.03 (h) , and 0.05 M (n) .also a reflection of adsorption of G5 (with KSEC larger than
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404 SHAH ET AL.

DGel 0 ln DGexp , where ln DGel is the calculated electro-
static free energy from Ref. (15), and DGexp contains all
nonideal contributions (not necessarily limited to electro-
static) to permeation. The results are shown in Table 8. The
agreement is good for G1 and G3 at the lowest ionic
strengths, but becomes progressively worse at higher ionic
strength or higher generation number. In all cases, the extent
of permeation appears to be underestimated by theory. In-
deed, with the exception of G1 in 30 and 50 mM buffer,
and G2 in 50 mM buffer, calculated values of K are always
less than 0.15, whereas experimental values (see Table 7)
are never lower than 0.20, except for I Å 10 mM.

A number of explanations could be offered for the dis-
agreement between the measured exclusion effect and the
theoretical prediction. The theoretical value could be in error

FIG. 9. Dependence of KSEC on solute size for pullulan (s) and Ficoll
due to errors in the various parameters used in the calcula-(h) in 0.003 M, pH 7.0 phosphate buffer.
tion, as follows: (a) In using the ionic strength of the medium
in the calculation, we assume no contribution of the cascade

completely excluded in 3 mM pH 7 buffer, but completely polymer to the ionic strength. (b) The structural charge den-
adsorbed in 200 mM buffer. sity of the CPG obtained by potentiometric titration could

Elimination of adsorptive mechanisms from consideration be higher than the true value because Stern layer effects are
poses a problem. However, we note that several workers not considered; i.e., it is assumed that only H/ , but not
have observed a linear dependence between Reff and I01/2 , Na/ , can neutralize SiO0 ( the surface charge density of the
where Reff is the radius of the neutral polymer with the same cascade polymer was calculated from the measured surface
KSEC as the charged solute. This dependence has been seen potential which does include Stern layer effects) . (c) While
for latexes on CPG (8), for proteins at pH ú pI on PW gel the pore size we measured is in good agreement with the
(31) and for charged Ficoll fractions on Superose (32), all manufacturer’s mercury porosimetry data, we did not con-
situations in which both solute and packing are negatively sider the effect of the pore size distribution. (d) To calculate
charged. Figure 13 confirms this dependence for G1 and G3, the radii of the cascade polymers, hsp/c was used instead of
but reveals negative deviations (retardation on the column) [h] . (e) Adsorption of the solute on the glass could contrib-
for G3 and G5 at the highest ionic strength. It seems reason- ute a nonelectrostatic, nonsteric component to KSEC , making
able to conclude that only measurements carried out with these values too large.
G3 and G5 at I ú 100 mM are subject to adsorption. The influence of these errors can be discussed as follows:

Since the cascade polymers are nearly spherical and the (a) If the contribution of cascade polymer concentration
charges are on the periphery, we chose to evaluate the con-
stant surface charge density model of Ref. (15). The interac-
tion energy E(b) , which depends on sw , sp , k, rp , and Rh ,
was obtained using Eq. [39] of Ref. (15), since all the
variables have been experimentally determined. The parti-
tion coefficient was then obtained by solving Eq. [9] of Ref.
(15)

K Å 2 *
10a

0

exp[0E(b) /kT]bdb [7]

Here, b is a dimensionless parameter that describes the posi-
tion of a charged sphere within a like-charged cylinder. All
calculations were done using Mathematica. In order to com-
pare experimental and theoretical evaluations of the repul-
sion effect, we report DK0 , the calculated difference be-
tween K of the charged solute and a neutral solute of the
same size, obtained via Eq. [7] for each cascade polymer
under each condition. DK0 is then compared to the measured FIG. 10. Dependence of CPG surface charge on pH for 0.01 (s) , 0.03

(h) , and 0.05 M (n) NaCl.DKSEC obtained from Fig. 11. Note that DK0 /DKSEC Å ln
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TABLE 7
KSEC of Cascade Polymers in Sodium Phosphate Buffer at pH 7.0

G I Å 0.01 M I Å 0.03 M I Å 0.05 M I Å 0.09 M I Å 0.2 M I Å 0.05 Ma I Å 0.05 Mb

1 0.20 0.45 0.56 0.61 0.76 0.69 0.51
2 0.12 0.36 0.48 0.54 0.71 0.63 0.41
3 0.06 0.30 0.42 0.49 0.68 0.81 0.35
4 0.04 0.22 0.37 0.45 0.64 0.89 0.28
5 0.03 0.20 0.32 0.39 0.60 0.94 0.26

a pH 6.0.
b pH 8.0.

relative to the ionic strength were considered, the resulting where Reff is the ‘‘apparent size’’ of the solute, from the
observed retention volume compared to those of solutes thationic strength would be slightly larger, reducing DK ( theo-

retical) and giving better agreement. (b) Consideration of do not interact with the packing, R is the geometric size of the
solute, and x is the average electrostatic repulsion distance inStern layer effects would provide a smaller CPG potential,

leading to a lower estimate of the repulsion effect (better multiples of Debye lengths. When the retention volumes for
the cascade polymers at pH 8 are plotted in Fig. 13 accordingagreement) . (c) The effect of pore size distribution is com-

plicated, but unlikely to be large compared to the observed to Eq. [8] , a linear dependence of Reff on I01/2 (Çk01) is
observed, which is not consistent with the enhancement ofdiscrepancy. (d) Substitution of hsp /c for [h] changes the

radius by 3% which is too small to matter. adsorption with increasing ionic strength.
If the values of KSEC, k, R, r, sw , and ss are correct, then itThe effects mentioned in (a) and (b) would be greatest

at low ionic strength, but this is where the best agreement is necessary to consider limitations of the theory. The most
prominent of these is the use of the linearized form of theis observed. As for (c) and (d) the magnitudes of these

effects are too small to be significant. Adsorption of solute Poisson–Boltzmann equation (PBE), as is done in Ref. (15),
which could lead to the underestimation of the extent of perme-(e) is more problematic, especially as adsorption effects

would be expected to increase with ionic strength. Potschka ation. Appendix 1 shows that the linearized form of the PBE
always gives a larger value for the surface potential than does(9) has rationalized retention data for proteins that are par-

tially electrostatically excluded from the packing by the nonlinear form. It is instructive to estimate the magnitude
of this effect. Let us consider a typical set of conditions, with

Reff Å R / xk01 , [8]

FIG. 11. Dependence of chromatographic partition coefficient on solute FIG. 12. Dependence of chromatographic partition coefficient on solute
radius for pullulan (h) and Ficoll (s) in 0.003 M, pH 7.0 phosphate buffer,radius for pullulan (h) and Ficoll (s) in 0.003 M, pH 7.0 phosphate buffer,

and cascade polymers in pH 7 buffer at ionic strengths 0.01 (l) , 0.03 (j) , and cascade polymers in 0.05 M buffer at pH 8.0 (j) , 7.0 (l) , and 6.0
(m) .0.05 (l) , and 0.09 M (m) .
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Smith and Deen (15), which consistently overestimates the
repulsive force. It seems most likely that this discrepancy
arises from the use of the linearized form of the Poisson–
Boltzmann equation. This linearization is often considered to
be justified when the surface potentials involved are ‘‘small
compared to kT .’’ While ‘‘small compared to’’ is inherently
vague, there is no doubt that this assumption is incorrect for
the dendrimer surface potentials, which are on the order of
50 mV, i.e., almost twice as large as kT /e . It seems likely
that particles whose surface potentials were small enough to
satisfy the linearization restriction would display reductions
in permeation too small to measure.

APPENDIX 1

The solution of the Poisson–Boltzmann equation

FIG. 13. Ionic strength dependence of effective radius at pH 7.0 for
Ç

2f Å 2n0q sinh(qf /kT ) [A1]G1 (j) , G3 (l) , and G5 (m) .

the surface charge density on the cylindrical cavity at 0.02 C/ for fixed surface charge density on the cylinder and on the
m2 and the surface charge density on the sphere at 0.03 C/m2, sphere is solved subject to the boundary condition that the
at an ionic strength of 0.05 M, and ambient temperature normal derivative of the potential at either the cylinder sur-
(3007K). At a distance z0 between the sphere and the cylinder face or the surface of the sphere is equal to the surface
such that z0k Å 1, the potential for the cylinder is found to be charge at the respective surfaces divided by the effective
f Å 4kT/e with the linearized PBE, and f Å 2.1kT/e with the dielectric constant, i.e.,
nonlinearized form. As a result, the repulsive force is signifi-
cantly overestimated, and permeation is underestimated. The
approximation is most severe in the case of high solute surface df

dn
Å s /110 [A2]potentials, namely for higher generation dendrimers. Thus, the

deviations between experiment and theory expected from use
of a linearized PBE are of the same direction and magnitude as
what we observe. Furthermore, it seems likely that the effect of for either cylinder or sphere surface. The linearized form of
linearization is sufficient in magnitude to account for the differ- Eq. [A1] is given as
ences seen in Table 8. More rigorous attempts to modify the
approach of Ref. (15) are beyond the scope of the current work.

Ç
2fL Å 2n0q(qfL/kT ) . [A3]

CONCLUSIONS

A one-dimensional representation of the problem, i.e., df /The permeation of spherical charged particles into cavities
of similar charge shows poor agreement with the theory of dn Å df /dz appears as shown below

TABLE 8
Comparison of Experimental and Theoretical DK for Cascade Polymers in Different Ionic Strength Buffers at pH 7.0

0.01 M 0.03 M 0.05 M

G DKex DKtheo % Diff. DKex DKtheo % Diff. DKex DKtheo % Diff.

1 0.58 0.70 19 0.35 0.48 31 0.24 0.36 40
3 0.52 0.58 11 0.33 0.52 45 0.23 0.41 56
5 0.07 0.16 78 0.09 0.31 110 0.00 0.31 200
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