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ABSTRACT: In this study, polyacrylamide nanocompo-
site hydrogels were formulated in combination with so-
dium montmorillonite (MMT) in the presence of a 2-T
magnetic field. This top-down nanomanufacturing
approach led to interesting changes in the internal struc-
ture of the gel and ultimately to a dramatic improvement
in the ability of the composite to separate the two protein
probes, ovum serum albumin and carbonic anhydrase.
The morphology of the nanocomposite hydrogel was ana-
lyzed with cryogenic scanning and transmission electron
microscopy, wide-angle X-ray diffraction, and small-angle
scattering to determine whether morphological changes
would correlate with this improved separation. As the vol-
ume fractions of MMT were well under 1% in this study
(because of aqueous swelling), scattering data were domi-
nated by the polymer structure. Significant morphological
changes were noted at two length scales: (1) the hydrogel
cell structure, at hundreds of nanometers, appeared to ex-

hibit changes in the anisotropic orientation with magnet-
ization, and (2) the polyamide structure, at tens of
nanometers, exhibited decreasing pore size (small-angle X-
ray scattering). The separation data correlated most closely
with a reduction in pore size; however, an additional con-
tribution to separation from local electrostatic effects from
the presence of charged MMT in the cell walls could not
be discounted. The change in the pore size associated with
processing may have been due to the MMT presence alter-
ing the diffusion rates of the reactants during polymer for-
mation. The method demonstrated herein could be used
ultimately to separate proteins in their native state, with
the potential retention of function for downstream applica-
tions, such as novel detection techniques or purification.
VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Nanocomposite hydrogels have received recent
attention in the literature in terms of mechanical
property enhancements. Nanocomposite hydrogels

typically consist of a polyamide formed in water
and a nanoparticle, such as silica,1 clay,2–6 or gold.7

The array of property enhancements includes
increased modulus,8 greater strength at break and
elongation,4 variations in water uptake,1 and
changes in electronic properties,7 as recently
reviewed by Simhadri et al.9 Hydrogels, in general,
are commonly used media for the electrophoretic
separation of charged particles such as DNA or pro-
teins in clinical diagnostic applications. Nanocompo-
site-type hydrogels offer a number of advantages in
electrophoretic applications over nonmodified
hydrogels. Current sodium dodecyl sulfate poly-
acrylamide gel electrophoresis hydrogels typically
have very poor mechanical properties,8 poor shelf
lives, and poor reproducibility of pore structure dur-
ing polymerization. Nanocomposite hydrogels may
offer a competitive advantage over standard hydro-
gel technology because of all of these properties, but
little is currently understood about how the incorpo-
ration of nanoparticles into the hydrogel will affect
the ultimate properties in the application of protein
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separation. A good dispersion of nanoparticles can
eventually lead to nanochannels in the hydrogel,
and single nanochannels are known to produce
unique effects on biomolecular separations/trans-
port.10 Therefore, it is compelling that unique elec-
trophoretic separation properties will exist for this
new class of materials, which may be thought of as
arrays of single nanochannels.

Matos et al.11 showed that the inclusion of iso-
tropic silica nanoparticles incorporated into poly-
acrylamide (PAAm) hydrogels altered the electro-
kinetic hydrodynamic mixture properties within the
system. Additionally, Yu et al.12 showed that spheri-
cal gold nanoparticles may have played a role in the
separation of acidic and basic proteins in capillary
electrophoresis. However, the clay platelets nanopar-
ticles described in this article were inherently aniso-
tropic, whereas the silica and gold in the previous
case were isotropic nanoparticles. Anisotropy can
uniquely affect the electrophoretic mobilities of pro-
teins, as was recently been reported by Thompson
et al.13 for the case of gold nanorod composite hydro-
gels. Even when gold nanorods were randomly ori-
ented in a PAAm hydrogel, a drastic change in the
electrophoretic mobility of ovum serum albumin
(OSA) protein was reported at volume fractions of
less than 1% (v/v). For clay-nanoparticle-based
hydrogels, some reports exist demonstrating selective
DNA-type separations. Liang et al.14 dispersed mont-
morillonite (MMT) into a low-molecular-weight linear
polyamide-based hydrogel. The enhancement of
DNA separation was attributed to an increased effec-
tive crosslink density due to the adsorption of poly-
amide chains on MMT platelets. Huang et al.15

explored the effect of the introduction of multiwalled
carbon nanotubes into a native gel matrix. Their study
showed a change in separation, although the changes
could be attributed to interactions either with the
nanotubes or with the surfactant coating the nano-
tubes. The anisotropy of nanoparticles, however, does
hold the theoretical potential to affect unique separa-
tions. Recent experimental work has shown that ani-
sotropic morphology for a single nanochannel plays a
role in separation in nanofluidic devices.16 Therefore,
an anisotropic nanophase morphology would be
expected to produce a change in the electrokinetic
properties of the system and, therefore, to produce
unique biomolecular separations.

In this report, we describe the effects of the addi-
tion of well-dispersed, anisotropic MMT platelets to
a native PAAm gel on the electrophoretic separation
of proteins. The anisotropic nanoparticles were sub-
jected to a strong magnetic field before the crosslink-
ing of the system in an attempt to orient the plate-
lets. Sodium MMT was selected for this study
because of its susceptibility to a magnetic field in
the 1–3 T range,17 the well-characterized high aspect

ratio,18 and high areal charge density. Particle dis-
persion was characterized with transmission electron
microscopy (TEM) and X-ray diffraction. The struc-
ture of the composite hydrogel was characterized
with cryogenic scanning electron microscopy (cryo-
SEM), TEM, small-angle X-ray scattering (SAXS),
and small-angle neutron scattering (SANS).

EXPERIMENTAL

Materials and methods

Sodium MMT was obtained from Southern Clay
Products, Gonzales, TX (Cloisite Naþ) and had a cat-
ion exchange capacity of about 91 mequiv/100 g. This
MMT was dispersed and exfoliated in water on the
basis of methods described previously.18 In particular,
centrifugation has been shown to remove quartz con-
taminants and unexfoliated platelets and to result in
stock MMT suspensions containing a large percentage
of dispersed single platelets. After the addition of
MMT to water (1.0 g/100 mL), the suspension was
sonicated for 90 min, stirred for 24 h, sonicated again
for 30 min, and then centrifuged at 4000 rpm for 1 h.
The resulting stock suspension was characterized by
dry weight analysis, dynamic light scattering (DLS),
and atomic force microscopy (AFM). (See the Sup-
porting Information in the online version of this arti-
cle for the details of this characterization.)
Acrylamide, N,N0-methylene bisacrylamide (Bis),

ammonium persulfate, tetramethylethylenediamine,
and high pressure liquid chromatography (HPLC)
grade water water were obtained from Fisher Scien-
tific, Suwanee GA. OSA from egg whites was
obtained from Acros Organics, Suwanee GA. Car-
bonic anhydrase (CA) was obtained from MP Bio-
medicals. Trisborate ethylene diamine tetraacetic
acid buffer was obtained from Ameresco. All materi-
als were of the highest purity available and were
used as received.
PAAm hydrogels were produced at 6% T, where

%T [see eq. (1)] reflects the concentration of mono-
mer in the solution. The hydrogels were 3% C,
where %C [see eq. (2)] is the relationship between
the crosslinker and monomer concentrations:19

T ¼ MassAcrylamide þMassBis

VolumeSolution
� 100ðg=mLÞ (1)

C ¼ MassBis
MassAcrylamide þMassBis

� 100 (2)

To prepare the composites, 3.5 g of acrylamide,
0.12 g of Bis, and variable amounts of MMT suspen-
sion were added to HPLC-grade water to ensure
that the total volume of the solution was 60 mL. The
MMT compositions after dilution to 60 mL for the
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three samples were 0.645, 0.322, and 0.065% (w/w).
The MMT content could be expressed with a variety
of methods, including volume percentage (/) of
MMT in the entire water-swollen sample (i.e., 0.216,
0.109, and 0.021%, respectively) and weight percent-
age of filler with respect to the polymer (i.e., 11, 5.4,
and 1.0 phr, respectively). / was calculated with a
value of 2.83 g/cm3 for MMT density20 and eq. (3),
where qMMT, qWater, qAcrylamide, and qBis are the den-
sities of the respective components:

/ ¼ MassMMT=qMMT

MassMMT

qMMT
þ MassWater

qWater
þ MassAcrylamide

qAcrylamide
þ MassBis

qBis

(3)

This solution was then subjected to sonication for
4 h in a Branson 5210 sonic bath Fisher Scientific,
Suwanee GA. The PAAm/MMT composite hydro-
gels were formed by the mixture of 10 mL of the gel
solution with 50 lL of ammonium persulfate (10%
w/w) and 10 lL of tetramethylethylenediamine and

immediately pouring of this solution into a casting
apparatus. All of the samples were produced at
25�C, and they were allowed to polymerize over-
night before electrophoresis.
For magnetized composites, the samples were pre-

pared by quick placement of the glass container and
hydrogel precursor contents into the center of a 5-in.
bore magnet operated at 2.0 T. This exceptional ap-
paratus was operated by Gerry Ludtka at the Oak
Ridge National Laboratory High and Thermomag-
netic Superconducting Magnetic Processing Facility.
The applied field was perpendicular to the gravita-
tional vector, which is our frame of reference in all
future descriptions of direction (see Fig. 1). Here, the
gravitational vector was the direction of gravity
when the vertical electrophoresis separation was
performed. Thus, the gravity vector also represented
the bulk direction that the proteins traveled through
the composite hydrogel. The anisotropy of the cast-
ing apparatus offered a convenient method to track
the magnetic orientation direction during subsequent
handling/processing. The magnetic field strength
was uniform (61%) over the area in which the com-
posite hydrogel was exposed. Samples were
removed from the bore after approximately 40 min
and were observed to be solidified. At that time, we
assumed that the nanoparticles were effectively fro-
zen into place and could not relax back into a ran-
dom arrangement because of the constraint pre-
sented by the crosslinked gel solids around them.
The samples were allowed to polymerize overnight
before electrophoresis.
No postprocessing of the gels (control, filled, or

magnetized), such as swelling or rinsing, was per-
formed because such procedures could have altered
the nanoparticle structure induced by the magnet.

TESTING AND CHARACTERIZATION

TEM

Filled PAAm/MMT samples were prepared for mi-
croscopy by the polymerization of 2 lL of a

Figure 1 Schematic definition of the faces of the compos-
ite hydrogel sample, where the frame of reference for con-
venience is with respect to the gravity vector at the
moment when electrophoresis was performed. The applied
field caused the proteins to move along the direction of
the gravity vector.

TABLE I
Digital Image Analysis Results and Hydrogel Cell Diameters

Sample View orientation n
Number-average
cell size (nm)a

Weighted-average
cell size (nm)a

Ratio of the large/
small feature size (anisotropy)

Direction of
anisotropyb

Control Transverse 315 477 526
Control Parallel 240 591 637 591/477 ¼ 1.24 P!T
Magnetized Transverse 451 400 432
Magnetized Parallel 436 278 296 400/278 ¼ 1.44 T!P
Random Transverse 264 587 632
Random Parallel 98 227 238 587/227 ¼ 2.58 T!P

P, parallel; T, transverse.
a The standard deviations were approximately 50–150 nm.
b The directions of anisotropy are defined with respect to the Figure 1 orientations.
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hydrogel solution onto the surface of a carbon-
coated, 300-mesh Cu TEM grid. Photomicrographs
were produced at Tulane with a JEOL JEM-2010
instrument, Peabody, MA operating at 100 kV.

Wide-angle X-ray diffraction

Wide-angle X-ray diffraction was performed on filled
PAAm/MMT composite gels to obtain information about
the dispersion of the clays. Typically, sodium MMT
shows an X-ray peak at a 2y ¼ 6.11�.21 Scans were taken
on a Rigaku Ultima IV diffractometer The Woodlands,
TX with Cu Ka radiation with rotation of the samples
at 20 rpm. To get sufficient counting statistics, each
sample was scanned for approximately 2 h.

SAXS and SANS

Small-angle scattering was employed to obtain some
information about the gel microstructure (e.g., pore
diameters) and potential orientation of the MMT. For
small angle X-ray scattering (SAXS), the samples
were mounted such that the X-ray beam passed
through the perpendicular face (see Fig. 1). Sample
scans were taken on the previously described Rigaku
Ultima IV device with a small-angle scattering attach-
ment in transmission mode at a fixed sample angle of
1.5000�. In this mode, the detector was then scanned
from 0.1 to 8.0�. The scanning speed was 0.012�/min;
this led to a scan time of about 11 h for each sample
to obtain sufficient counting statistics.

Small angle neutron scattering (SANS) was per-
formed on the control and randomly oriented com-
posite gels on a beamline BL6 extended Q-range
small angle neutron scattering (EQ-SANS) at the
Spallation Neutron Source, Oak Ridge National Lab-

oratory Oak Ridge, TN, in collaboration with Dazhi
Liu. The incident neutron beam penetrated the per-
pendicular face (see Fig. 1).

Cryo-SEM

Different samples were cut to expose two of the faces,
the parallel and transverse faces, as defined in Figure
1. We then froze the samples by dipping the mount-
ing/sample in liquid nitrogen (with oxygen removal
before dipping to prevent convection) then mounted
to a Hitachi S-4800 field emission scanning electron
microscope with a cryogenic stage attachment. After
mounting, the samples were freeze-fractured with a
130, 95, 130-K temperature cycling process. The water
was removed by sublimation to eliminate the possi-
bility of surface-tension-derived artifacts associated
with a traditional drying process. The representative
nature of this sample preparation procedure for
hydrogel morphology has been discussed else-
where.22–27 Images were also produced for the third
face, the perpendicular face, but the hydrogel was too
thin to be mounted in a manner consistent with the
fracturing procedure described previously, and these
images were not of a quality necessary for subse-
quent analysis. Multiple images for the other two
faces were produced in random positions and at vari-
ous magnifications, and these were analyzed digitally
to produce statistics on the feature dimensions with
Adobe Photoshop. The features (e.g., cells) were indi-
vidually measured in Photoshop along both a long
and short axis, and an average of the two values was
counted for analysis. Only the cells in the fracture
plane were used. The number of features (n) meas-
ured are shown in Table I. Two types of averages are
presented, a number average and a weighted average.
These values were calculated with the following

Figure 2 TEM photomicrographs of MMT in the filled hydrogel polymerized on the TEM grid (/MMT ¼ 0.22%).
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equations, where ni is the number of particles with av-
erage diameter di:

Number average ¼
P

i nidiP
i ni

(4)

Weighted average ¼
P

i nid
2
iP

i nidi
(5)

Electrophoretic testing

All hydrogels were tested for electrophoretic separa-
tion characteristics. The gels were cast at 10 cm � 10

cm � 0.8 mm and were immersed in a trisborate
ethylene diamine tetraacetic acid buffer at pH 8.0.
Dansyl chloride labeled OSA and dansyl chloride la-
beled CA (10 lL with a 1 mg/mL concentration)
were loaded into the gel lanes. Gel electrophoresis
was performed at constant voltage (6.67 V/cm) for a
period of 45 min with a Fisher FB1000 power supply
Fisher Scientific, Suwanee, GA. (Note that the volt-
age not the current was specifically controlled.) After
electrophoresis, the gels were placed under a UV
lamp–illuminator apparatus home assembled, Por-
ter’s Camera, Cedar Rapids, IA to measure the pro-
tein band position and to determine the electropho-
retic velocities. For the case of the filled hydrogels,

Figure 3 Representative photomicrographs (with cryo-SEM) of the transverse-face fracture surfaces for the (a,b) control
gel, (c,d) magnetized-filled gel, and (e,f) filled gel. A histogram resulting from the digital image analysis of the cell diame-
ter is presented next to each corresponding image. The larger features indicate cells, and the holes in the walls of the cells
indicate pores. All of the scale bars represent 5 lm (/MMT ¼ 0.22%).
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five replicates were tested. For the case of the mag-
netized-filled hydrogels, only two replicates were
tested because of limited user time on the Oak Ridge
National Laboratory magnet.

RESULTS

To gain valuable insight in terms of the structure–
property relationships, the novel composite hydrogel
material morphology was characterized rigorously.

This involved three types of samples. The cross-
linked hydrogel control had no nanoparticles. The
nanocomposite hydrogel formed in the presence of
water-dispersed sodium MMT is referred to as filled,
and the orientation of the MMT was not intention-
ally manipulated. The nanocomposite hydrogels
formed in the presence of a uniform 2-T magnetic
field are termed magnetized-filled. In the latter case,
we assumed that any orientation occurred faster
than the polymer crosslinking process, a reasonable
assumption given previous reports by Koerner

Figure 4 Representative photomicrographs (with cryo-SEM) of the parallel-face fracture surfaces for the (a,b) control gel,
(c,d) magnetized-filled gel, and (e,f) filled gel. A histogram resulting from the digital image analysis of the cell diameter
is presented next to each corresponding image. Larger features indicate cells, and the holes in the walls of the cells indi-
cate pores. All of the scale bars represent 500 nm (/MMT ¼ 0.22%).
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et al.17 on the orientation of MMT in epoxies. T (6%)
and C (3%) were the same for all three types of sam-
ples. A thorough discussion of the hydrogel mor-
phology obtained under these three processing con-
ditions follows, and subsequently, a discussion is
presented of the electrophoresis results for the two
model proteins used as probes: OSA and CA. The
morphology and electrophoresis are then compared.

Nanoparticle characterization

The MMT solution was characterized by both AFM
and DLS according to procedures that were previ-
ously published.18 AFM showed an average particle
size of 201 nm, an average particle thickness of
1.3 nm, and an average aspect ratio of 159. DLS
showed an effective hydrodynamic diameter of
219 nm; this was in reasonable agreement with the
size from AFM. On the basis of the AFM results,
about 83% of the MMT particles in the suspension
were pristine single platelets, and 98% were either
singlets or doublets (see the Supporting Information
for more details).

Figure 2 presents TEM photomicrographs of the
MMT particles in the filled hydrogel. The MMT par-
ticles were not as well exfoliated as the original
well-characterized Na-MMT water suspension (pre-
viously discussed); however, they were still well
dispersed.

Structure of the hydrogels

To discuss the hydrogel structure, we refer again to
Figure 1 as the frame of reference for viewing the
hydrogels along the various directions: a transverse
face, a parallel face, and a perpendicular face. The
cryo-SEM samples were prepared to produce images
along these three faces with great care to preserve the

submicrometer structure. In situ cryogenic techniques
were used for sample handling, and the images were
of a planar fractured surface. Representative photomi-
crographs of the transverse face of the three formula-
tions are compared in Figure 3. Representative photo-
micrographs of the parallel face of the materials are
compared Figure 4. The magnifications from Figures
3 and 4 do not match, so additional images are pre-
sented in Figure 5, with a view along the parallel face
to provide a more complete comparison. Correspond-
ing histograms of the digital image analysis results
are also presented in Figures 3 and 4 and are dis-
cussed. Statistical information about these feature
dimensions are listed in Table I. Although images
were obtained along the perpendicular face, the frac-
ture techniques did not produce representative fea-
tures, and thus, these images are not discussed.
Qualitatively, we initially noted when viewing

Figures 3 and 4 that features in a single photomicro-
graph existed at multiple scales, and a convention
needed to be adopted to describe the various fea-
tures. A materials science approach is used to aid
the discussion. The larger features in these images
resemble the cells in polymer foams and, thus, are
termed cells. The walls or membranes forming these
cells were sometimes closed and sometimes exhib-
ited small holes. The holes might be expected to be
the most resistive element associated with the mass
transport of solutes, at least in terms of molecular
sieving. The holes in the walls are termed pores. The
spaces between crosslinks, which were too small to
be seen in these images, are termed free volume. Stell-
wagen28 recently published a review on the struc-
ture/property relationships in the electrophoresis of
biomacromolecules that discusses the importance to
mass transport of the two distinct feature sizes.
Although terminology from the materials science

Figure 5 Representative photomicrographs (with cryo-SEM) of the parallel-face fracture surfaces for the (a) control gel
(scale bar ¼ 5 lm) and (b) magnetized-filled gel (scale bar ¼ 4 lm). The holes in the walls of the cells indicate the pores.
These parallel-face images are not all in the same scale as in Figure 3 (/MMT ¼ 0.22%).
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perspective versus the electrophoresis perspective
may not overlap, the presence of the two feature
sizes that Stellwagen discusses certainly matches
these observations.28 Another general issue to note
in these scanning electron microscopy (SEM) images
is the absence of any feature easily attributed to the
presence of MMT nanoparticles, and this is dis-
cussed later.

One clear observation in a comparison of the num-
ber-average cell diameters, as listed in Table I, is
that all of the features exhibited some anisotropy.
The control PAAm hydrogel had a smaller average
cell diameter when viewed along the transverse
direction (477 nm) than when viewed along the par-
allel direction (591 nm). The ratio of these values
(larger/smaller) was 1.24. Similarly, the magnetized-
filled hydrogel had a smaller cell diameter of 278
nm and a larger diameter of 400 nm; this yielded an
apparent anisotropy ratio of 1.44. The differences in
these ratios may not have been significant, but what
was very different about the two materials was the
direction of this anisotropy. In the case of the control
hydrogel, the largest features were seen along the
parallel direction, and the opposite was true for the
magnetized-filled hydrogel. One possible explana-
tion for the anisotropy in the control was that the
presence of the glass boundary affected cell forma-

tion and led to constrained cell dimensions in one
direction. This result was consistent with reports by
Gemeinhart et al.,29 in which the type of glass used
(hydrophobicity or hydrophilicity of the glass coat-
ing) influenced the hydrogel cell structure and led to
pseudo-cylindrical cell geometries. In the case of the
composite hydrogel cells, we hypothesized that
the MMT had, instead, templated the formation of
the cells during polymerization. The MMT platelets
are thought to be reinforcing agents within the cell
walls in these images [Figs. 3(c) and 4(c)], with
individual platelets collecting at this interface and
bending with the curvature of the cell wall,
although never completely enveloping a cell. (This
bending or conforming at an interface has been
observed by many others, including by Stretz
et al.30 for multiphase poly(acrylonitrile–butadiene–
styrene)/MMT nanocomposites). The MMT plate-
lets were not distinguishable in the SEM images
here because they were too thin to resolve and
because they appeared white; this was hidden by
the bright white edges of the cell walls. Evidence
supporting the presence of MMT dispersed
throughout the gel is shown in Figure 6. This
TEM photomicrograph of the composite hydrogel
on a TEM grid shows the MMT platelets bending
around some invisible domain (the carbon-based
polymeric cell walls cannot be seen in a TEM
image) but never completely enclosing the domain.
Because the MMT platelets were present in the cell
walls as the walls were forming, they could affect
the directionality of the forming wall. Nie et al.31

concluded, for instance, that oligomeric PAAm
attaches to the MMT initially, and this reduces the
mobility of growing chains, which is consistent
with the MMT acting as a template for cell wall
growth. The combination of a reinforcing wall tem-
plate (MMT) and orientation of the MMT in the
magnetic field could have been responsible for the
change in the directionality of the cells. Table I
also shows that the composite hydrogels that were
not exposed to a magnetic field exhibited the same
reversed directionality of the cells when compared
to the control hydrogel; however, the cells were
inexplicably much larger when viewed along the
transverse direction (587 nm) in this less controlled
case. These larger dimensions may not be desirable
during electrophoresis, as discussed later.

SAXS and SANS

Originally, the MMT in the magnetized samples was
expected to be oriented, as seen by Koerner et al.,17

for epoxy/MMT composites. Therefore, both SAXS
and SANS were performed in hopes of characteriz-
ing the bulk degree of platelet orientation. The

Figure 6 TEM image of the PAAm/MMT hydrogel
(filled hydrogel). The MMT platelets bent around the indi-
vidual cells in the hydrogel but did not completely enclose
any one cell. The cell walls cannot be seen in these images
because they were composed of carbon-based polymer
and did not scatter the beam as effectively as the alumino-
silicate MMT did (/MMT ¼ 0.22%).
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samples analyzed were at the highest MMT concen-
tration corresponding to / ¼ 0.22% (v/v). Other
ways to express this filler concentration for the same
sample would be weight percent w ¼ 0.6% (w/w) or
11 phr.

Data analysis

The scattered intensity (I) as a function of the mo-
mentum transfer (q) from SAXS and SANS measure-
ments were fit with a theoretical expression suitable
for crosslinked hydrogels, including PAAm32 and
other polymers33–37:

IðqÞ ¼ IDB

1þ N2q2
� �2 þ

IL

1þ n2q2
(6)

The first term is the Debye–Bueche expression38

for scattering due to long-range density fluctuations
[correlation length associated with the long-range
density (N)], described in terms of a two-density ran-
dom medium with a sharp interface.39 The second
term is a Lorentzian function for scattering from
semidilute polymer solutions with the correlation
length associated with the short-range density (n).
The parameters values were established in the way
suggested by Koberstein et al.38 First, with Zimm
plots (I�1 versus q2), linear fits of the data in the
range 0.1 nm�2 < q2 < 1.2 nm�2 were used to deter-
mine values of the Lorentzian intensity (IL) and n.
The excess scattering (Iex) for the range q2 < 0.1
nm�2 was computed as

IexðqÞ ¼ IðqÞ � IL

1þ n2q2
(7)

Finally, with Debye–Bueche plots (I
�1=2
ex versus q2),

linear fits of the data in the range q2 < 0.04 nm�2

were used to determine values of the Debye–Bueche
intensity (IDB) and N.

Results

Figure 7 shows the scattered intensity [I(q)] values
for various hydrogels from the SAXS measurements.
Model predictions appear overlaid here as the thin
lines behind the scatter data. In general, the shapes
of the I(q) curves for the PAAm/MMT hydrogels
were similar to that of the control PAAm hydrogel.
This suggested that scattering from the PAAm gel
structure dominated in all of the samples. At larger
scattering angles (q > 1.5 nm�1), I(q) decreased
approximately as q�1; this could be seen more
clearly in Kratky plots [q2I(q) vs q (see the Support-
ing Information, plots S4–S6)], which were linear for
q > 1.5 nm�1. This scattering pattern indicated a
rodlike structure and is expected for polymers at
length scales smaller than the chain persistence
length.40 The transition to I–q�1 behavior occurred at
about q ¼ 1.5 nm�1 and corresponded to a persist-
ence length (L0p ¼ 1/q) of about 0.66 nm or a Kuhn
(statistical segment) length of about 1.33 nm. This
agreed closely with the Kuhn lengths previously
reported for PAAm and which ranged from 1.0 to
1.7 nm.41–43 This result, observed for the PAAm/
MMT composites and the control PAAm, further
supported the conclusion that the SAXS pattern pri-
marily manifested the structure of the PAAm gel.
The presence of MMT in the composites seemed to
have little effect on the SAXS pattern, presumably
because of its low weight loading (0.6 wt %).
For q < 1.5 nm�1, eq. (6) fit the scattering data

well. Table II shows the parameter values. The good
fit of the Lorentzian term at intermediate q values
(� 0.3–1.5 nm�1) indicated scattering from a semidi-
lute polymer solution with characteristic n between
entanglement points. The value of n for the PAAm
gel (1.8 nm) agreed with values found in a previous
work.32 The value of n for the magnetized-filled
hydrogel was similar, but that for the filled PAAm/
MMT gel was higher (2.3 nm). We do not know if

Figure 7 I values from the SAXS measurements (sym-
bols) for the control PAAm hydrogel, filled hydrogel, and
magnetized-filled hydrogel. The solid curves are the theo-
retical fits based on the model described in the text. The
data points and theoretical curve for the filled and magne-
tized-filled hydrogels were shifted up by factors of 2 and
10, respectively, for clarity (/MMT ¼ 0.22%) for the filled
and magnetized-filled samples.

TABLE II
Model Parameters Obtained from the SAXS Data with

eq. (6)

IL n (nm) IDB N (nm)

Control hydrogel 531 1.8 89,100 24.0
Filled hydrogel 1460 2.3 45,000 15.2
Magnetized-filled hydrogel 726 1.8 9,600 10.4
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this observation was significant. The Debye–Bueche
term fit the SAXS data well at lower q values. The
quantity N represents the characteristic length scale
associated with long-range density fluctuations cre-
ated by crosslinks in the polymer network. The con-
trol PAAm gel had a value of N of 24.0 nm, which
was in reasonable agreement with that found previ-
ously.32 However, we find a 37% smaller value of N
for the filled PAAm/MMT hydrogel (15.2 nm). For
the magnetized-filled hydrogel, N was 34% smaller
than that of the random hydrogel and 58% smaller
than the control hydrogel. These observations indi-
cated that the presence of MMT had a discernible
effect on the larger scale domain structure associated
with the crosslinked PAAm network.

Figure 8 shows I(q) for the control and filled
PAAm/MMT hydrogels from SANS measurements,
with model predictions based on eq. (6) overlaid as
solid curves (fit parameter values given in Table III).
The shapes of the I(q) curves for the control and
filled PAAm/MMT hydrogels were very similar.
Equation (6) fit the SANS data well for q > 0.07
nm�1. However, the correlation lengths were smaller
than those obtained from the SAXS data, and there
was no difference between the control PAAm and
filled PAAm/MMT gels (n ¼ 0.8 nm and N ¼ 8.7
nm for both gels). This may have been due to the
low contrast difference between the gel and H2O in
SANS, which resulted in a poorer discrimination of
the gel structure than seen in the SAXS results. Also,
both SANS patterns showed a peak at about q ¼
0.04 nm�1 located below the q range probed by
SAXS. These peaks suggested a microstructure with
a characteristic length scale of 2p/q � 150 nm. We
speculated that this length scale may have been

associated with the cell size observed in the cryo-
SEM images. This point should be addressed in
greater depth with SANS with contrast variation (via
the D2O/H2O ratio).

Discussion of characterization

At this point, we can only speculate as to the mecha-
nism by which MMT influenced the topology of the
forming crosslinked PAAm network. The presence
of MMT and the process of magnetization in the pre-
cured solution affected the diffusion of acrylamide
and bisacrylamide during the curing process and,
thus, the network topology of the gel. In the absence
of platelets, the reactant diffusion was unimpeded;
the bisacrylamide could react and form larger knots
that were smaller in number and relatively far apart
(N ¼ 24.0 nm). In the presence of randomly oriented
MMT platelets, bisacrylamide diffusion was hin-
dered; this resulted in a larger number of somewhat
smaller knots that were, consequently, closer to-
gether (N ¼ 15.4 nm). If the magnetic field aligned
the platelets during an early polymerization stage,
diffusion was hindered even more, as predicted by
barrier models.44–47 This further increased the num-
ber of knots and reduced their size and spacing (N
¼ 10.2 nm). Two aspects of this hypothesis will
need to be tested. First, we may need to obtain
direct evidence that the magnetic field aligns MMT
platelets in the precured acrylamide/bisacrylamide
solutions; the work of Koerner et al.17 strongly sug-
gests alignment under our conditions, but verifica-
tion during the cure would be desirable. Second,
further structural studies involving the systematic
variation of bisacrylamide concentration in the pres-
ence of MMT would be helpful. The effect of the
crosslinker concentration on the PAAm gel struc-
ture seems to be well understood.48–50

Electrophoretic testing

In Figure 9, the effect of increasing the nanoparticle
content (in the absence of magnetization) on the
electrophoretic mobilities are presented for two pro-
teins: CA [molecular weight (MW) ¼ 28,900, pI ¼
5.951] and OSA (MW ¼ 45,000, pI ¼ 4.652). Note that
the mobilities presented in Figure 9 were normalized
by the corresponding mobility for the control.

Figure 8 I values from the SANS measurements (sym-
bols) for the control PAAm and filled hydrogels. The solid
curves are the theoretical fits based on the model
described in the text (/MMT ¼ 0.22%) for the filled and
magnetized-filled samples.

TABLE III
Model Parameters Obtained from the SANS Data with

eq. (6)

IL n (nm) IDB N (nm)

Control hydrogel 91,600 0.84 134,000 8.7
Filled hydrogel 92,600 0.87 192,500 8.7
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Increasing filler content lowered the mobility of both
proteins. This result was consistent with a tortuous
path effect, which our previous work demonstrated
was one appropriate model for an OSA protein
probe at the same electrical field moving through a
composite hydrogel of PAAm/gold nanoparticles.13

However, some separation of the two proteins was
achieved at the highest loading of MMT nanopar-
ticles. Producing hydrogels with greater MMT con-
tent was impractical because the MMT suspension
was provided at a certain concentration, and the
processing of the suspension (e.g., by centrifugation)
to concentrate it could have resulted in changes in
the excellent dispersion of nanoparticles.

As shown in Figure 10, magnetizing the MMT nano-
particles during gel formation led to a very different
electrophoretic result. Increasing the loading of magne-
tized nanoparticles improved separation in all of the
compositions. (Note that the analysis was replicated
with hydrogels magnetized at a separate time, and
duplicate results were plotted but could not be
resolved on this scale. Please see the Supporting Infor-
mation, Fig. S7, for an overlay of the chromatographic-
type peaks indicating excellent reproducibility.) OSA
and CA would be otherwise difficult to separate (they
were inseparable in the control gel) because molecular
sieving is not sensitive enough in general to differenti-
ate these MWs. Something intrinsic to the addition of
MMT in connection with magnetization produced a
unique separation. An important feature of this separa-
tion was that the proteins did not need to be denatured
(e.g., by sodium dodecyl sulfate in standard sodium
dodecyl sulfate polyacrylamide gel electrophoresis
separations) to achieve separation. The proteins could
retain their activity for later downstream applications
such as novel detectors or purification.

In terms of the structure/property relationships,
four models could be invoked to explain these data.
The first was previously discussed, that is, the tortu-
ous path effect. Here, we would have expected the
protein velocity to slow down because the imperme-
able high-aspect-ratio MMT particles presented a
tortuous path. For magnetized-filled PAAm/MMT,
the proteins moved more slowly on average than
they did in the filled PAAm/MMT. Both composite
hydrogels had the same concentration of MMT;
therefore, tortuous path theory alone did not predict
all aspects of protein velocity. The other three mod-
els we discuss include (1) that cell size affected mo-
bility, specifically that smaller cells along the direc-
tion of the protein movement caused the protein to
encounter more cells; (2) that wall charge affected
the mobility and that wall charge was a function of
the presence of the embedded MMT; and (3) that
crosslink or pore size affected the mobility and pres-
ence of MMT during gelation and led to changes in
the crosslinks or pore structure. Consider that the
size of the cells might have affected the mobilities.
Along the cryo-SEM parallel view, the control exhib-
ited 591 nm diameter cells, whereas the nanocompo-
site exhibited 278 nm diameter cells. This meant that
the proteins traveled through about 50% more cells
in the nanocomposite versus the control. More cells
could have meant more interactions and could have
led to separation. This effect should have been true
for both random and magnetized nanocomposite
gels, and indeed, some evidence of improved sepa-
ration could be seen for both but not to the same
extent. This hypothesis does not explain all of the
differences observed in the composition effect nor
why CA moved selectively faster than OSA. There-
fore, the effect of the cell size was not seen to

Figure 9 Electrophoretic mobilities l versus mobility in
the control hydrogel l0 measured in the nanocomposite
filled gels for the two proteins OSA and CA. / is the vol-
ume percent montmorillonite (MMT) in the composite

Figure 10 Electrophoretic mobilities l versus mobility in
the control hydrogel l0 measured in the nanocomposite mag-
netized-filled gels for the two proteins OSA and CA. / is the
volume percent montmorillonite (MMT) in the composite.
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contribute to this particular separation. (Note that
the features we designated as cells, seen in cryo-
SEM, were not the same features as molecular-scale
crosslinks, which SAXS measured.)

We consider now that the walls of the nanocom-
posites might have had a different charge. A conse-
quence of increasing the number of cells encountered
by the protein in the filled hydrogels would have
been increased wall exposure. As the MMT particles
had a surface charge density of about 91 mequiv/100
g, electrostatic contributions could have influenced
separation. The OSA may have had an affinity or
repulsion for a charged MMT wall. OSA would have
been expected to have a higher charge density at the
buffer pH ¼ 8 than CA. (The pI for OSA was lower.)
CA traveled faster in the composite hydrogels versus
OSA (as was most evident in the magnetized hydro-
gel), and this was consistent with more electrostatic
repulsion for CA. Also, if the charged walls of the
cells altered the electroosmotic flow characteristics,
separation may have resulted.53 In conclusion, the
charged wall scenario could have explained the dif-
ferences in the mobilities of CA and OSA but not why
that separation was more pronounced in the magne-
tized-filled gels versus the filled gels.

Finally, we considered that the pores and crosslinks
in the gels changed during polymerization. The SAXS
data supported this hypothesis. The Debye–Bueche
characteristic length (N) in Table II decreased in the
following order: Control > Filled > Magnetized-
filled. This order correlated with the degree of electro-
phoretic separation noted for CA versus OSA. In
other words, the control N was the largest value, and
this correlated with no separation. The random N was
intermediate in size, and separation was barely noted,
only at the highest MMT concentration. The magne-
tized N was the smallest value, and this correlated
with the most improved separation. In conclusion, the
small pore/crosslink scenario could explain the dif-
ferences in the mobilities of CA and OSA and could
also explain why the magnetized-filled hydrogel pro-
duced better separations than the filled hydrogel.

The review by Stellwagen28 indicated that molecu-
lar sieving alone would not be expected to produce
optimized separations for proteins; thus, a combina-
tion of effects was the most likely explanation for
separation in this study.

CONCLUSIONS

Anisotropic MMT nanodiscs were successfully incor-
porated into a PAAm matrix in two formats: the
MMT particles were randomly mixed (filled) in one,
and in the other, the whole system was exposed to
approximately 2 T of magnetic field during polymer-
ization (magnetized-filled hydrogel). Electrophoresis
(separation of CA and OSA) led to reduced protein

mobility in both the composites, but for the magne-
tized-filled gels, good separation of the two proteins
occurred for all compositions of MMT tested. For the
filled gels, separation of the proteins occurred only at
the highest filler concentration studied. The structures
of the three hydrogels were characterized to correlate
with the structure with this novel separation. Cryo-
SEM studies showed that cells for the magnetized-
filled and filled gels were much smaller along the par-
allel direction than in the case of the control. The par-
allel direction was the direction in which the proteins
moved during electrophoresis. In addition, SAXS and
SANS data were interpreted in terms of fits to the Lor-
entzian and Debye–Bueche models. N showed
decreasing pore diameters of 24, 15, and 10 nm for the
control, filled, and magnetized-filled gels, respec-
tively. This order correlated closely with the degree
of electrophoretic separation noted in the three
hydrogels for the proteins. For the magnetized-
filled hydrogel, N was 34% smaller than that of the
random hydrogel and 58% smaller than the control
hydrogel. These observations indicated that the
presence of MMT had a discernable effect on the
larger scale domain structure associated with the
crosslinked PAAm network, potentially because of
diffusion constraints for the reactants during the
polymerization step. Much of the improved separa-
tion was likely due to smaller pore sizes; however,
local electrostatic effects caused by the charged
MMT surfaces may have also contributed.

SUPPORTING INFORMATION

The Supporting Information contains a comparison of
the size distributions for the suspension of sodium
MMT (representative AFM images and histograms of
the digital image analysis results are given). Addi-
tional information presented includes three Kratky
plots for the SAXS data showing linear fits for the con-
trol, random, and magnetized composite hydrogels.
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