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ABSTRACT: Solution-state characterizations of poly(4-vinylpyridine):polystyrene (PVP:PS) shell cross-
linked knedel nanoparticles (SCK’s) are described. A combination of techniques, including dynamic light
scattering, electrophoretic light scattering, and analytical ultracentrifugation, are used to determine the
hydrodynamic diameter, surface charge characteristics, molecular weight, and aggregation number of
the SCK’s and their micelle precursors. The use of analytical ultracentrifugation is highlighted because
of the wealth of information it provides in characterizing SCK solution behavior. The analysis of SCK’s
indicates that particle diameter, molecular weight, and aggregation increase with increasing PS chain
length of the PVP:PS block copolymer used to prepare the SCK. Measurements of electrophoretic mobility
and zeta potential via electrophoretic light scattering point to partial burial of charge below the particle
surface of quaternized PVP units comprising the shell of the SCK. By contrast, the characterization of
corresponding solution properties for the non-cross-linked micelle precursors is problematic due to
significant particle heterogeneity and nonideal solution behavior. The comparison of solution data for
SCK’s and micelle precursors clearly indicates stabilization of SCK particles is achieved through shell
cross-linking.

Introduction

The creation of novel nanomaterials with the ap-
propriate size and function to potentially find applica-
tion in nanotechnological devices or as biomimics in
biotechnology is an active and highly promising area of
research.1-5 Methods for the production of nanomate-
rials are being actively pursued by researchers across
disciplinary boundaries.6-12 One of the greatest chal-
lenges involved in the development of nanoscale objects
is accurate characterization of the composition, size,
structure, and properties. This challenge must be met
in order to advance nanoscience into nanotechnology.

Shell cross-linked knedel-like (SCK) nanospheres
have been recently reported as unique nanometer-sized
spheres with an amphiphilic core-shell morphology.13

SCK’s are prepared by intramicellar cross-linking of
polymer chains located within the shell domain of
polymer micelles. Therefore, these structures have been
proposed as dimensionally stable polymer micelles,
which will possess unique behavior and expand the
realm of potential uses of micellar assemblies ranging
from biomimetic gene therapy agents to fillers for
engineering composites. However, thorough examina-
tion of the aqueous solution-state properties of such
nanoscale micellar particles composed of a cross-linked
network shell layer surrounding a non-cross-linked
hydrophobic domain was not previously made. Herein,
we report the characterization of solution-state proper-
ties of SCK’s and polymer micelles by dynamic light
scattering (DLS), electrophoretic light scattering (ELS),
and analytical ultracentrifugation (AU). The use of
multiple characterization techniques provides a more
complete picture of the thermodynamic and hydrody-

namic properties of these self-associating polymers. The
use of analytical ultracentrifugation is highlighted in
this study. AU has traditionally been a favored char-
acterization tool for protein solution properties analy-
sis.14 The commercial availability of a new generation
of AU instrumentation, with enhanced capabilities, has
extended its applicability to the full range of macromo-
lecular systems15 including the analysis of hydrody-
namic properties of polymeric micelles.16 In the present
study AU is demonstrated as a key characterization tool
for the study of solution properties of shell cross-linked
knedel nanoparticles. Additionally, analysis of solution
behavior via AU clearly establishes the advantageous
stability of the SCK’s in comparison to their polymer
micelle precursors.

Experimental Section

Sample Preparation. The SCK’s were synthesized as
previously described,13 to contain a non-cross-linked polysty-
rene core, covalently bound to a poly(vinylpyridine) shell
domain. The cross-linking of the shell was accomplished via
quaternization of a portion of the 4-vinylpyridine repeat units
with p-chloromethylstyrene, followed by polymerization of the
styrenyl side chain groups. Thus, the core is hydrophobic, and
the shell contains positively charged sites.

Sample solutions used for DLS measurements were pre-
pared using previously described procedures13 with one modi-
fication; the tetrahydrofuran (THF) present in the solutions
from the synthesis of the SCK’s was evaporated before DLS
analysis. Solutions of SCK’s and the corresponding polymer
micelle precursors were analyzed immediately following THF
evaporation.

Dynamic Light Scattering. Particle size distribution for
SCK’s in solution was determined by dynamic light scattering
(DLS). The DLS instrumentation was a Brookhaven Instru-
ments Co. (Holtsville, NY) system consisting of a model BI-
200SM goniometer, a model EMI-9865 photomultiplier, and a
model BI-9000AT digital correlator. Incident light was pro-
vided by a model 95-2 Ar ion laser (Lexel Corp., Palo Alto,
CA) operated at 514.5 nm. All measurements were made at
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21 ( 1 °C. Prior to analysis, solutions were centrifuged in a
model 5414 microfuge (Brinkman Inst. Co., Westbury, NY) at
12 000g for 10 min to sediment dust particles.

Scattered light was collected at a fixed angle of 90°. The
digital correlator was operated with 522 channels, ratio
channel spacing, an initial delay time of 1 µs, a final delay
time of 10 ms, and a duration time of 2 min. A photomultiplier
aperture of 200 µm was used, and the incident laser intensity
was adjusted to obtain a photon counting rate of at least 200
kcps. Only measurements in which measured and calculated
baselines of the intensity autocorrelation function agreed to
within 0.1% were used to calculate particle size. The calcula-
tion of particle size distribution and distribution averages was
performed with the ISDA software package (Brookhaven
Instruments Co., Holtsville, NY) which employed single-
exponential fitting, cumulants analysis, and nonnegatively
constrained least-squares particle size distribution analysis
routines.17 Reported particle size distribution averages are
mean values of five determinations.

Electrophoretic Light Scattering. Electrophoretic mobil-
ity and zeta potential for the SCK’s were determined using a
Brookhaven Instruments Co. model Zeta Plus light scattering
instrument. Measurements were made at 21 ( 1 °C with
polymer concentrations sufficient to produce a photon counting
rate of at least 500 kcps. Stock solutions of polymer were
diluted with deionized water to the required polymer concen-
tration. Reported electrophoretic mobility (µe) and zeta poten-
tial (ê) are mean values of 10 analyses. Calculation of ê from
measured µe was provided by the built-in software supplied
with the instrument. The model used in the calculation was
the Smoluchowski limit (κa . 1) for which the general
relationship between ê and µe given by18

reduces to

where ε is the dielectric constant of the medium, η is the
absolute viscosity of the medium, κ is the inverse double-layer
thickness, and a is the particle radius.

Analytical Ultracentrifugation. Molecular weight (Mw)
and aggregation number (Nagg) for SCK nanoparticles were
measured via sedimentation equilibrium analysis. A Beckman
Instruments Co. model XL-I analytical ultracentrifuge oper-
ated with a model An50-TI, eight-hole rotor was used to
ultracentrifuge aqueous solutions of SCK’s to equilibrium. All
measurements were made at 20 ( 0.1 °C. Rotor speeds of 5000,
8000, 12 000, and 18 000 rpm were used. Solution concentra-
tion was varied from stock solutions of several mg/mL to
dilutions 1/20 the original stock solution concentration. Result-
ing sedimentation equilibrium patterns were recorded with
both of the instrument’s optics systems: a laser interferometer
and an ultraviolet-visible absorbance spectrometer. The ul-
tracentrifuge sample cell was assembled from a Epon charcoal-
filled, six-channel centerpiece and matched sapphire windows.
The solution volume and the cell’s optical path length were
110 µL and 12 mm, respectively. The solution volume and
optical path length employed corresponded to a “short” column
sedimentation equilibrium experiment with a column height
of approximately 2 mm. Interference scans obtained during
centrifugation established that a sedimentation time of 18 h
was sufficient to reach equilibrium.

Partial specific volume (υ) for SCK’s was determined fol-
lowing the method of Edelstein and Schachman.19 This method
employed H2O and D2O solutions of SCK’s to simultaneously
solve for Mw and υ via comparison of the SCK’s buoyant
molecular weight in both solvents. Solutions of SCK in D2O/
H2O mixtures were prepared by dilution with D2O of stock
solutions of SCK’s prepared in H2O. Solutions ranging in D2O
content from 80 to 95 vol % were sufficiently more dense than
pure H2O solutions to produce measurable changes in SCK

buoyant molecular weight, thereby providing an accurate
determination of υ.

Calculation of molecular weight employed a built-in data
analysis program that employed standard multicomponent
least-squares fitting routines.20

Results and Discussion

SCK Hydrodynamic Diameter and Zeta Poten-
tial. A representative intensity correlation function for
an SCK and an assumed single-component fit to the
data are shown in Figure 1. The single-component fit
to the experimental data is poor, giving nonrandom
residuals (see inset in Figure 1). A two-component fit
to the data, shown in Figure 2, is a more satisfactory
model for the particle size distribution as judged by the
randomness of the fit residuals (see inset in Figure
2). Two-component fits were required to successfully
model the particle size distribution of all SCK’s. Analy-
ses of mean particle size diameters are summarized in
Table 1.

For all three SCK’s, the particle size averages were
given by a smaller-sized major component, greater than
94 vol % in every case, and a larger-sized minor
component which represented no more than 6 vol % of
the particle size distribution. The mean diameter of the
major component increases with increasing polystyrene
block length in the SCK. Particle diameter previously
determined13 by AFM showed the same trend as sum-
marized in Table 1. Increasing particle diameters sug-

µe ) (2εê)/(3η)f(κa,ê)

µe ) εê/η

Figure 1. Single-exponential fit to intensity correlation
function for SCK3 (PS:PVP ) 1.9:1). Polymer solution con-
centration is 2.4 mg/mL in pH 7 water.

Figure 2. Double-exponential fit to intensity correlation fit
for SCK3 (PS:PVP ) 1.9:1). Same concentration as in
Figure 1.
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gested an increased degree of aggregation for SCK’s
containing higher polystyrene block length. Molecular
weight analysis via analytical ultracentrifugation (see
below) supported this interpretation.

The comparison of AFM and DLS diameters indicates
consistently larger diameters are found in DLS mea-
surements. Since the DLS measurements reflect particle
size in solution, while the AFM values correspond to
size in the dry state, the differences between the
measurements are probably due to swelling of the
hydrophilic PVP shell of the SCK.21,22 The analysis of
differences between DLS and AFM diameters is com-
plicated by the nature of the measurements provided
by the techniques. Diameters measured by DLS are
typically intensity-weighted values, while AFM diam-
eters are number-average determinations. The possibil-
ity of heavier weighting in the average diameter from
larger-sized species within the major component of the
particle size distribution was examined by computing
number-average values for the DLS data. The resulting
values were only a few percent smaller than the
reported D1 values in Table 1. The polydispersity of the
particle size distribution for the major component of
each SCK must, therefore, be very small. This finding
supports the interpretation that the larger diameters
measured by DLS reflect the swelling of the hydrophilic
cross-linked PVP shell of the SCK’s.

A detailed analysis of the larger-sized minor compo-
nent’s particle size distribution was not performed.
Qualitatively, this component had a larger polydisper-
sity which could be the product of either intermolecular
cross-linking of smaller-sized SCK’s or the presence of
larger micelle precursors previously found13 when the
stirring time employed in the synthesis of micelles was
varied.

Particle distributions for solutions of un-cross-linked
micelles used to prepare SCK’s were also characterized
by DLS. Unlike the SCK’s, intensity correlation func-
tions for the micelles were poorly modeled by two-
component fits. Computed particle distribution aver-
ages, summarized in Table 1, were characterized by a
major component peaking between 30 and 40 nm in
diameter and a minor component with diameter in the
range 100-230 nm. The major component’s polydisper-
sity was several times greater than that of its SCK
counterpart. The broadness of the micelle particle size
distributions accounts for the unsatisfactory fits exhib-
ited by a two-component model.

Comparison of SCK and micelle diameters indicates
a consistent decrease in diameter when micelles were
cross-linked to form SCK’s (see Table 1). The likely
source of diameter decreases is shrinkage of the PVP
shell due to cross-linking. When un-cross-linked, the
quaternized PVP shell should expand to form a posi-
tively charged corona with optimum chain extension to
minimize interactions between charged groups. Cross-
linking contracts the PVP shell, resulting in a smaller
particle. The positively charged quaternized pyridyl

groups are expected to be distributed throughout the
shell layer to allow for maximum charge separation, and
thus some fraction of the positive charges should be
located on the SCK surface.

Electrophoretic mobilities and zeta potential mea-
sured by electrophoretic light scattering were positive,
as summarized in Table 2, indicating a positive charge
on the surfaces of the SCK’s and their corresponding
micelle precursors. However, the micelle mobilities and
zeta potentials were generally larger than their SCK
counterparts. This finding supports the expectation that
a larger portion of the charge associated with the SCK
may be buried below the surface of the particle and of
limited mobility relative to the un-cross-linked micelle.
It follows that the restriction of PVP chain conformation
due to cross-linking prevents some quaternized groups
from residing at the particle surface, thereby reducing
the particle’s electrophoretic mobility and zeta potential.

Among the set of SCK’s, the polymer with the highest
mole percent quaternized units exhibited the largest
mobility and zeta potential, consistent with its smaller
size and larger surface area, and higher content of
charged units relative to the two larger SCK’s.

SCK Molecular Weight and Aggregation Num-
ber. Sedimentation equilibria were generated for SCK’s
and micelles dispersed in water. Representative sedi-
mentation equilibrium profiles for SCK’s and micelles
are shown in Figures 3 and 4, respectively. Profiles for
SCK’s showed a clear trend of increased sedimentation
with increasing polystyrene block length and hydrody-
namic diameter in the SCK (see Figure 3). A similar
trend for the corresponding micelles was not observed.

Calculation of molecular weight from measured sedi-
mentation equilibria required the determination of

Table 1. Summary of DLS Data

polymer PS:PVP
D1

(nm)
V1

(vol %)
D2

(nm)
V2

(vol %)
Dm

(nm)
DAFM
(nm)

SCK1 1:2 14 ( 1 94 53 6 16 9 ( 3
SCK2 1:1.2 21 ( 1 98 102 2 23 15 ( 2
SCK3 1.9:1 33 ( 2 96 98 4 36 27 ( 5
micelle1 1:2 35 ( 11 79 224 21 75 n.d.
micelle2 1:1.2 31 ( 7 95 113 5 35 n.d.
micelle3 1.9:1 38 ( 7 96 140 4 42 n.d.

Table 2. Summary of ELS Data

polymer PS:PVP
[Quat]a

(mol %)
mobility

(µm cm/s V) ZP (mV)

SCK1 1:2 42 3.3 ( 0.06 44.0 ( 0.08
SCK2 1:1.2 26 2.6 ( 0.21 34.6 ( 2.6
SCK3 1.9:1 17 2.8 ( 0.21 37.6 ( 2.9
micelle1 1:2 42 3.6 ( 0.13 48.5 ( 3.1
micelle2 1:1.2 26 4.1 ( 0.13 55.0 ( 2.0
micelle3 1.9:1 17 3.3 ( 0.14 44.2 ( 1.8

a The mole percent of quaternized pyridyl groups determined
previously13 by elemental analysis.

Figure 3. Representative sedimentation equilibria (fringe
displacement (Fringes) versus radial distance from solution
column meniscus (r - rm)) for PS:PVP SCK’s. Overlaid data
sets corresponding to PS:PVP ) 1:2 (circles), PS:PVP ) 1:1.2
(squares), and PS:PVP ) 1.9:1 (diamonds). All data shown
were collected at 8000 rpm.
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partial specific volume (υ) for SCK’s and micelles. Use
of the traditional method of high-precision solution
density measurements could not be applied because
polymer concentration could not be accurately mea-
sured. This problem was overcome using the method of
Edelstein and Schachman.19 Sedimentation equilibria
were measured for SCK and micelle solutions in H2O
and in H2O/D2O mixtures. As shown in Figure 5,
sedimentation equilibria profiles for a representative
SCK in the two solvents were linear when expressed
as ln(fringe displacement) versus the square of radial
distance. The slope of the profile for the SCK in the D2O/
H2O (σD) mixture is smaller than the corresponding
value measured in H2O (σH). From the measurement of
the two slopes, υ was determined:19

where FD is the density of the D2O/H2O mixture and FH
is the density of H2O.

Values of υ for SCK and micelles are summarized in
Table 3. The partial specific volume of the SCK’s
increased as polystyrene block length increased. This
result is consistent with the expected change in polymer

density as a function of composition. Since the density
of polystyrene is lower than the density of poly(4-
vinylpyridine), υ (which is equivalent to the inverse of
polymer density) should increase with decreasing poly-
mer density.

Measurements of υ for the un-cross-linked micelles
were complicated by nonlinearity in ln(fringe displace-
ment) versus the square of radial distance. Nonlinearity
suggests molecular weight heterogeneity and/or non-
ideal effects.23 The structural instability for the polymer
micelles, which lack the covalently cross-linked shell,
may allow for changes in the micelle size and shape
through the concentration gradient generated at sedi-
mentation equilibrium. In the case of the 1.9:1 PS:PVP
micelle, a single value of υ could not be obtained.
Consequently, reported values are only estimates of the
true values.

Using the computed values of υ, molecular weight
averages for SCK’s were obtained from single-compo-
nent fits to sedimentation equilibrium. Representative
results of this analysis are presented in Figure 6. On
the basis of the apparent excellent fit and the random
residuals (see upper panel in Figure 6), the SCK
sedimentation profiles were well represented by single-
component fits. Measurements of molecular weight were
performed as a function of concentration and rotor
speed. No systematic variation in molecular weight was
noted with changes in concentration or rotor speed.
These data suggest that SCK solutions have little or no
molecular weight heterogeneity or nonideal behavior
due to excluded-volume or particle-particle interac-
tions.23

Figure 4. Representative sedimentation equilibria (fringe
displacement (Fringes) versus radial distance from solution
column meniscus (r - rm)) for PS:PVP micelles. Overlaid data
sets correspond to PS:PVP ) 1:2 (circles), PS:PVP ) 1:1.2
(squares), and PS:PVP ) 1.9:1 (diamonds). All data shown
were collected at 8000 rpm.

Figure 5. Representative analysis of partial specific volume
(υ) from linearized sedimentation equilibrium data logarithm
of fringe displacement (ln Fringes) versus radial distance
squared (r2) for SCK1 (PS:PSP ) 1:2). Overlaid data sets
correspond to measurements made in H2O (circles) and a 90:
10 D2O/H2O mixture (triangles).

υ ) [1 - (σD/σH)]/[FD - FH(σD/σH)]

Table 3. Summary of Sedimentation Equilibrium Data

polymer PS:PVP υ (mL/g)
Mw

(kg/mol)
M0

(kg/mol) Nagg

SCK1 1:2 0.651 244 ( 36 20.7 12 ( 2
SCK2 1:1.2 0.716 1046 ( 78 14.7 71 ( 5
SCK3 1.9:1 0.876 6336 ( 75 14.4 439 ( 5
micelle1 1:2 0.861 279 ( 78 20.7 13 ( 4
micelle2 1:1.2 0.749 365 ( 102 14.7 24 ( 7
micelle3 1.9:1 n.d. n.d. 14.4 n.d.

Figure 6. Representative molecular weight analysis using
sedimentation equilibrium data for SCK1 (PS:PVP ) 1:2).
(Lower panel) Sedimentation equilibrium data (circles) and
single-component least-squares fit (line). (Upper panel) Re-
siduals of the fit. Polymer solution concentration is 0.5 mg/
mL, and rotor speed is 8000 rpm.
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The finding of single components in the sedimentation
equilibrium profile of SCK’s would seem to contradict
the finding of better modeling of DLS hydrodynamic
data to two component fits. In the case of sedimentation
equilibrium, the larger-sized minor component apparent
in DLS data would sediment completely under the
conditions used to generate sedimentation equilibria
shown in Figure 6. It is, therefore, eliminated from the
analysis, leaving only the smaller-sized major compo-
nent. As a result, excellent single-component fits to the
sedimentation equilibrium data would be expected.

The corresponding molecular weight analyses of the
un-cross-linked micelles were not well modeled by
single-component fits to the sedimentation equilibrium
data. In addition, a strong dependence of molecular
weight on micelle concentration and rotor speed was
found. These data clearly indicate that the micelles are
heterogeneous and exhibit nonideal effects which di-
minish the reliability of the molecular weight analysis.
Given the heterogeneity noted earlier in the DLS data
for the micelles, the indications of heterogeneity in
sedimentation equilibrium data are not surprising. This
is consistent with changing micelle structure during the
experiment, as the block copolymer containing the
shortest PS block length (relative to PVP) is expected
to offer the weakest nucleation strength and to be most
easily deformed. Additionally, this block copolymer (PS:
PVP, 1:2) yielded micelles of the broadest size distribu-
tion (Table 1).

Molecular weights were used to determine the aver-
age aggregation number for the SCK’s. As shown in
Table 3, the trend in aggregation number paralleled the
previous noted trends in hydrodynamic diameter and
molecular weight; i.e., as the polystyrene block length
in SCK increases, its average aggregation number also
increases.

SCK Hydrodynamic Shell Thickness. Using PS:
PVP copolymer molecular weight, SCK degree of ag-
gregation, hydrodynamic diameters, and polystyrene
density, estimates of SCK hydrodynamic shell thickness
were calculated. Formation of the 1:2 SCK (SCK1) with
a measured copolymer molecular weight of 20 700 g/mol
and mean degree of aggregation of 12 copolymer chains
yielded an equivalent spherical polystyrene core radius
of 3.1 nm, assuming a density corresponding to a
nominal value of 1.053 g/mL for amorphous polysty-
rene.24 The difference between the hydrodynamic radius
measured by DLS and the polystyrene core radius gives
an estimated hydrodynamic shell thickness of 3.9 nm.
Calculation of the polystyrene core radius for the 1:1.2
SCK (SCK2) and the 1.9:1 SCK (SCK3) gave values of
5.6 and 11.4 nm, respectively. Estimated hydrodynamic
shell thicknesses for SCK2 and SCK3 were calculated
as the difference between the DLS hydrodynamic radius
and the polystyrene core radius, yielding values of 4.9
and 5.1 nm, respectively.

Conclusions
The characterization of solution properties for PS:PVP

SCK’s and their micelle precursor was readily ac-
complished using a combination of techniques. Dynamic
light scattering determinations of hydrodynamic diam-

eter demonstrated that particle diameter increases with
increasing polystyrene content in the PS:PVP block
copolymer used to prepare the micelle precursor to an
SCK. In a similar manner, analytical ultracentrifuga-
tion (AU) molecular weight analysis showed that SCK
molecular weight and the corresponding degree of
aggregation also increase with increasing polystyrene
content. AU also revealed the presence of strong non-
ideal effects in the solution properties of micelle precur-
sors. Nonideal behavior was attributable to an inher-
ently less stable structure of the micelle which is subject
to deformation and distortion under ultracentrifugation.
Finally, multitechnique characterization of SCK’s pro-
vided sufficient data to estimate hydrodynamic shell
thickness. As polystyrene content increased in the SCK,
the core radius increases significantly and the shell
thickness also increases, paralleling observed trends in
SCK hydrodynamic diameter, molecular weight, and
degree of aggregation.
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