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ABSTRACT

Polyacrylamide (PAAM) hydrogels are widely used in electrophoretic separations of proteins, deoxyribonucleic 
acid (DNA), and cells due to their high resolving power, optical and ultraviolet (UV) transparency, electro-neutrality, 
and tunable pore structure. Incorporation of nanomaterials into PAAM gels has been proposed as a strategy to further 
tailor gel microstructure and transport properties. In this study, sodium montmorillonite (Na-MMT) nanoplatelets, a 
naturally occurring nanoclay with an average diameter of ~400 nm and an aspect ratio of ~150, were incorporated into 
PAAM gels to form nanocomposite hydrogels, and their effects on protein mobility were systematically investigated. 
Native polyacrylamide gel electrophoresis revealed that Na-MMT incorporation consistently reduced protein 
mobility relative to pure PAAM gels. To elucidate the origin of this behavior, rheological measurements and scanning 
electron microscopy (SEM) were employed. Rheological analysis showed that pure PAAM gels exhibited greater 
elasticity than nanocomposite gels, attributed to disruption of the polymer network by nanoplatelet incorporation 
and extended sonication during sample preparation. SEM image analysis further revealed the absence of well-
defined matrix cells in the nanocomposite gels. Instead, osmotic-pressure-driven nanoparticle aggregation produced 
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dense, poorly interconnected nanopores that impeded effective protein transport. These structural changes led to 
reduced electrophoretic mobility and separation efficiency. Overall, the findings demonstrate that PAAM–bentonite 
nanocomposite hydrogels exhibit inherent microstructural limitations for electrophoretic applications, emphasizing the 
need for precise control of nanoparticle dispersion and gel architecture in the design of nanocomposite separation media.
Keywords: Polyacrylamide (PAAM); Nanocomposite; Bentonite; Sodium Montmorillonite (Na-MMT); Nanoclay; 
Electrophoresis; Hydrogel

1.	 Introduction
The manufacturability of polymer nanocomposites 

is critical for advancing soft, smart, and high-performance 
materials. To achieve next-generation materials with en-
hanced properties, the incorporation of nanofillers—among 
other technologies—has attracted significant attention from 
researchers [1–4]. Introducing nanofillers into the polymer 
matrix creates a pathway to harness the unique properties 
of nanoparticles, such as improved mechanical strength, 
stability, and thermal conductivity [4,5]. When these advan-
tages are combined with the flexibility, transparency, and 
lightness of polymer materials [6–8], nanocomposites with 
advanced capabilities can be manufactured.

Polyacrylamide (PAAM) has been extensively studied 
for various applications such as polyacrylamide gel electro-
phoresis (PAGE) [2,9–12], biomedical applications [13–16], and for 
several environmental applications such as waste disposal [17], 
oil field applications [18], and several others. During polymer-
ization, PAAM forms a porous network that creates versatile 
gels. These gels are produced by polymerizing acrylamide 
with a cross-linker, initiated by ammonium persulfate (APS) 
and catalyzed by N,N,N',N'-tetramethylethylenediamine 
(TEMED). PAAM is valued for its resolving power, adapt-
ability, stability, simplicity, and cost-effectiveness in electro-
phoresis applications [8,19]. It is rapidly becoming the standard 
medium for electrophoresis in clinical applications [15,20,21].

Several attempts have been made to improve the per-
formance of polyacrylamide gels. Some of these attempts 
include the introduction of nanoparticles [4,16,22–24], or other 
pretreatments such as electrostatic potential pre-electro-
phoresis [19] and magnetic field pre-electrophoresis [23–25]. 
The use of Sodium Montmorillonite (Na-MMT) as nano 
fillers in PAAM gels and the effects on the gel structure on 
the macroscopic scale have also been reported [26–28]. How-
ever, the microscopic interactions and structural changes 
are yet to be fully characterized.

This article explores the manufacturability and sep-
aration efficiency of polyacrylamide—sodium montmo-
rillonite (PAAM Na-MMT) nanocomposite gel using both 
sodium dodecyl sulphate (SDS) and native electrophoresis 
methods. Our approach employs Na-MMT, a naturally 
abundant and environmentally benign nanoclay, to fabri-
cate nanocomposite hydrogels with unusually low polymer 
content. By leveraging this sustainable filler strategy, we 
examine how nanoscale interactions between exfoliated 
nanoplatelets and polymer chains influence the macro-
scopic properties of the gel. First, Na-MMT nanoplatelets 
were characterized, and both sodium dodecyl sulphate–
polyacrylamide gel electrophoresis (SDS-PAGE) and Na-
tive Polyacrylamide Gel Electrophoresis (Native-PAGE) 
were used to probe the effect of the nanofillers on PAGE. 
Finally, attention was turned to characterizing the struc-
ture of polyacrylamide gel manufactured and identifying 
the nanoscale interactions responsible for the macroscale 
properties of the polyacrylamide nanocomposite. This 
study uniquely bridges the gap between microstructural 
morphology and bulk electrophoretic behavior, offering a 
clearer understanding of the design–performance relation-
ship in green nanocomposite gels.

2.	 Materials and Methods
The concentrations of reagents in the hydrogels are de-

scribed using two terms: %T, the total monomer concentra-
tion (w/v), and %C (the percentage of crosslinker (bis-acryl-
amide) relative to the total monomer mass) [19]. Adjusting %T 
and %C controls the gel's pore size and density, which in 
turn affects separation capabilities. In this contribution, 6% 
T and 3.3% C gels were studied and analyzed. This approach 
allows the use of a considerably lower amount of PAAM. 
Using a lower PAAM concentration is environmentally sig-
nificant because it reduces toxic monomer usage, minimizes 
synthetic polymer waste, and lowers the overall chemical 
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and energy footprint of hydrogel fabrication [1]. Table 1 sum-
marizes all reagents used for gel fabrication, including proto-

gel, running and resolving buffers, stacking buffers, protein 
solvent, protein samples, and Na-MMT nanoparticles.

Table 1. Reagents for gel fabrication.

Reagents Source Compound Properties

Protogel Themo Fisher Polyacrylamide/Bis-acrylamide pH 6.5

Running buffer BIO-RAD Tris/Glycine/(SDS) pH 8.3

Resolving buffer Thermo Fisher Tris pH 8.8

Stacking buffer Thermo Fisher Tris-HCl pH 6.8

Protein solvent Fisher Scientific PBS pH 7.3

Protein
MP,

Themo Fisher,
BIO-RAD

Carbonic Anhydrase (CA),
Ovalbumin (OSA),

Kaleidoscope Ladder
– 

Nanoparticle MP Biomedicals Bentonite/Na-MMT pH 10

Na-MMT was prepared by dispersing and exfoliating 
1 g of Na-MMT in 100 mL of water. The suspension un-
derwent 90 minutes of sonication, followed by 24 h of con-
tinuous stirring, and an additional 30 min sonication step. 
It was then centrifuged at 1000 rpm (180 g) for one hour 
to remove coarse aggregates and residual impurities. The 
resulting stock suspension was characterized by dynamic 
light scattering and SEM to verify nanoplatelet dispersion 
quality. A more detailed explanation of the procedure has 
been described previously in the literature [25,29].

To prepare PAAM–Na-MMT nanocomposite gels, 
reagents were formulated to yield a 6% T solution contain-
ing varying Na-MMT concentrations (0.021%, 0.109%, 
and 0.216%) following the protocol described by Haris et 
al. [19]. Control samples without nanoplatelets were pre-
pared using the same procedure. The gel casting setup 
involved two glass plates, one plate notched to accom-
modate the gel comb, and spacers placed along the edges. 
The plates and spacers were positioned in a casting box 
and secured within a casting frame to prevent leakage. The 
gel thickness was maintained at a standard 0.7 mm in this 
study.

2.1.	Dynamic Light Scattering (DLS)

For particle size by DLS, the nanoplatelet suspension 
was first diluted to 10−4–10−5 g/L. DLS measurements were 
then performed in Malvern Zetasizer nano series to mon-
itor the particle size in the 0.3–10,000 nm range. Before 

DLS analysis, the nanoplatelets were exfoliated using the 
process described above.

2.2.	Native-PAGE

Native-PAGE separates proteins while preserving 
their native conformation, charge, and intermolecular in-
teractions. Ovalbumin (OSA) and carbonic anhydrase (CA) 
were dissolved in 10 × phosphate buffer saline (PBS, pH 
7.3) at 1 mg/mL. A 4 × Laemmli sample buffer dye (Bio-
Rad), diluted 1:4 with the protein solution, was used for 
staining. For analysis, 10 µL of each protein sample—ei-
ther pure OSA, pure CA, or a premixed 1:1 combination, 
was loaded into designated gel wells. Electrophoresis was 
performed at 100 V for 90 min.

2.3.	SDS-PAGE

SDS-PAGE was performed using Precision Plus Pro-
tein™ Kaleidoscope™ prestained protein standard. For the 
electrophoresis, 10 µL aliquots of protein samples were 
carefully pipetted into the designated gel lanes. Electro-
phoresis was conducted at 100 V for 90 min; current was 
not controlled.

2.4.	Rheology Studies

Rheological experiments were conducted using a 
stress-controlled rotational rheometer (TA Instruments, AR 
550) equipped with a Peltier temperature-control system. 
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The setup featured two parallel stainless-steel plates (20 
mm diameter) with the sample positioned between them. 
The upper plate of the AR550 rotated to apply strain, while 
the lower plate remained stationary, transmitting torque to 
the Normal Force Transducer (NFT). The data were pro-
cessed by integrated software, which converted them into 
rheological parameters. Strain (γ) was calculated using γ ≈ 
θR/h, with θ(t) being the angular displacement, R the plate 
radius, and h the distance between plates, set to 1000 µm. 
All experiments were conducted at 25 °C with a minimum 
sample volume of 0.314 mL. Daily calibrations and map-
pings were performed before experiments.

2.5.	SEM Imaging

Scanning Electron Microscopes (SEM) require fully 
dehydrated samples due to their vacuum environment, ne-
cessitating thorough drying of samples that naturally con-
tain liquids. For this study, hydrogels were fixed, washed, 
and serially dehydrated with progressively increasing 
concentrations of ethanol solutions before using the crit-
ical point dryer (CPD) to dry the gel samples. Because 

conductivity is crucial for SEM imaging, organic samples 
were mounted on carbon tape and coated with a thin layer 
of conductive metal. Specifically, Au-Pt coating was ap-
plied, and imaging was performed using an ultra-high-res-
olution Field Emission SEM (FE-SEM), Hitachi SU7000, 
at Tennessee Technological University. The SU7000 was 
equipped with an enhanced energy dispersive spectrosco-
py (EDS) system (Octane Elect) and APEX™ software by 
EDAX, which were used to examine the elemental compo-
sition of the MMT nanoplatelets.

3.	 Results

3.1.	Nanoplatelet Exfoliation

Bentonite (Na-MMT) was exfoliated into nanoplate-
lets and characterized using dynamic light scattering (DLS). 
DLS results showed a monomodal particle-size distribution 
with a peak near 400 nm (Figure 1), indicating effective 
nanoclay exfoliation. This value aligns with previously re-
ported Na-MMT dimensions [29,30].

Figure 1. Particle-size distribution of Na-MMT.

To further verify platelet morphology, the measured 
particle diameter (~400 nm) from DLS experiments and 
the applied centrifugal acceleration (~180 g) were used to 
estimate the aspect ratio of exfoliated Na-MMT. This cal-
culation was based on an empirical correlation developed 
by Ploehn and Liu [29], which relates sedimentation behav-
ior to nanoplatelet geometry. The resulting aspect ratio was 
approximately 150, indicating that the exfoliated structures 
predominantly exist as individual nanoplatelets rather than 
multilayer tactoids. This high aspect ratio aligns with ex-
pected morphological characteristics of well-dispersed clay 

nanofillers and is essential for achieving uniform distribu-
tion and strong interfacial interactions within polymer ma-
trices. Together, the DLS results and the correlation-based 
analysis confirm that the exfoliation strategy employed here 
successfully yielded high-aspect ratio Na-MMT nanoplate-
lets suitable for incorporation into the PAAM gel matrix.

3.2.	Gel Electrophoresis

To evaluate the influence of Na-MMT nanoplate-
lets on protein mobility, SDS-PAGE and Native-PAGE 
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were performed at a constant 100 V. Protein migration 
distances were measured for the smallest ladder protein 
in SDS-PAGE, while in Native-PAGE, the distance was 
measured from the top of the resolving gel to the center 
of the OSA/CA band, reflecting their similar molecular 
masses. The control sample consisted of pure PAAM 

gels, and nanocomposite gels were prepared with Na-
MMT volume fractions (Ø) of 0.021%, 0.109%, and 
0.216%. All migration distances were normalized to the 
mobility (u) of the control sample and measured using 
ImageJ software [3]. The resulting trends are presented in 
Figure 2.

Figure 2. Effects of increasing Na-MMT volume fraction on 6% T PAGE.

To interpret the observed behavior, the migration 
trends in Native-PAGE were compared with those from 
SDS-PAGE, and both showed a similar reduction in mo-
bility when using the smallest volume fraction of 0.021%, 
but these values returned to control levels at higher vol-
ume fractions. While protein mobility in PAGE is typically 
governed by molecular size, shape, and charge-to-mass 
ratio [19,31–33], the consistent trend across both electrophore-
sis modes suggests an additional influence from the nano-
platelets. Prior studies have reported that nanoparticles 
can either enhance or reduce protein mobility depending 
on their interactions with the polymer matrix. For exam-
ple, Sajjadi et al. [16] observed improved separation in SDS-
PAGE with surface-modified SiO₂ nanoparticles, whereas 
other researchers have reported the opposite effect [22,34]. 
For example, Huang et al. [22] reported reduced mobility in 
TiO₂–PAAM gels due to altered thermal dissipation. Our 

results align with this latter behavior, indicating that nano-
platelets introduce nanoscale interactions that affect the 
macroscopic transport of proteins [33].

3.3.	Rheological Studies

3.3.1.	Linearity Test

Strain-sweep measurements (Figure 3) showed that 
storage modulus (G') was independent of strain amplitude 
for all samples, confirming linear viscoelastic behavior 
within the tested range. Based on these results, a strain 
of 10% was selected for subsequent frequency and time-
sweep experiments. Across all samples, G' remained inde-
pendent of strain amplitude and exceeded viscous modulus 
(G''), confirming gel-like behavior and supporting the use 
of 10% strain for subsequent tests.

Figure 3. Strain Sweep to determine the onset of nonlinearity in dynamic testing.
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3.3.2.	Frequency Sweeps and Loss Factor

Frequency sweeps (Figure 4) showed that pure 
PAAM gels exhibited the highest storage modulus, while 
all nanocomposite samples displayed reduced G' values. 
This decrease reflects disruption of elastic junctions with-
in the polymer network by the nanoplatelets and may 
also be influenced by the extended sonication required 

for nanoparticle dispersion [35,36]. The 0.021% and 0.109% 

MMT samples exhibited similar G' values despite differing 

nanoplatelet loadings, suggesting that agglomeration limits 

the effective contribution of the platelets to network elas-

ticity. The 0.216% MMT sample showed the lowest value 

of G', consistent with poorer dispersion and more extensive 

aggregation at higher nanoplatelet concentrations [18,36,37].

Figure 4. Frequency sweeps as a function of f(Hz) for all materials.

Loss factor trends (Figure 5) showed that G' re-
mained much greater than G'', confirming predominantly 
elastic behavior for all samples. At higher nanoplatelet 
loadings (0.109% and 0.216%), tan δ increased modest-
ly, indicating greater viscous dissipation, consistent with 
prior observations that nanoparticle-filled gels exhibit 

enhanced viscous contributions at higher filler concentra-
tions [30]. This behavior also suggests stronger interfacial 
interactions between nanoplatelets and polymer chains, 
which are known to arise from nanoparticle agglomera-
tion and the cumulative effect of particle–polymer con-
tacts [38–40].
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Figure 5. Frequency sweep: Loss factor as a function of f(Hz).

3.3.3.	Time Sweep Tests: Cast to Cure

Time-sweep measurements (Figure 6) were used 

to monitor the evolution of G' during gelation. The pure 

PAAM samples exhibited the highest modulus, while all 

nanocomposite samples showed reduced G', consistent with 

earlier evidence of nanoplatelet-induced disruption of elastic 
junctions. Notably, the 0.021% and 0.109% MMT samples 
displayed nearly identical G' throughout gelation, suggesting 
that nanoplatelet agglomeration limits their effective con-
tribution to the network, in agreement wiAth reported ag-
gregation-driven reductions in junction density [18,37,41]. The 
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0.216% MMT sample showed the lowest G' and the largest 
strain-dependent differences, further indicating that exten-

sive aggregation at higher nanoplatelet loading restricts the 
formation of elastically effective junctions.

Figure 6. Storage modulus of all samples at γ = 10%.

3.4.	SEM Imaging 

Figure 7 shows the polymer matrix of the pure 
PAAM gel, revealing the characteristic ‘cell’ structures 

previously described by Thompson et al. [25]. Two primary 
elements can be observed: the larger ‘cells,’ which form 

the dominant framework of the gel, and the smaller pores 

embedded within them. The cells and nanopores are en-
visioned as the main pathways for macromolecular trans-
port, playing a central role in determining electrophoretic 
mobility. This structural interpretation is consistent with 
reptation-based models of migration, in which proteins 
move through a sequence of pores of varying sizes as they 
traverse the gel network [42–45].

Figure 7. Image of control sample matrix.

The second major structural element visible in the 
pure PAAM gels is the network of nanopores located with-
in the larger cell structures. These smaller features serve 
as additional barriers to protein migration, offering more 
refined pathways through the gel matrix. Given the rela-
tive size of protein molecules, it is reasonable to consid-

er the cells as the primary migration channels, while the 
nanopores contribute to separation by imposing secondary 
size-dependent resistance. Within the framework of the 
reptation model, proteins navigate through a sequence of 
cells and interact with the nanopores, which helps to ex-
plain the molecular separation effects observed during 
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electrophoresis [45,46].
Figure 8a,b shows the polymer matrix in PAAM–

bentonite nanocomposites. In contrast to the pure gels, the 
nanocomposite samples contain very few recognizable 
cells and are instead dominated by nanopores. This struc-
tural shift aligns with rheological results, which showed 
reduced G' in all nanocomposite formulations (Figures 4 

and 6). The loss of larger cell structures also aligns with 
the electrophoresis performance in SDS-PAGE. Six clearly 
resolved protein bands were observed in the pure gels (data 
not shown), whereas only five bands appeared in the nano-
composite gels, indicating diminished separation capabil-
ity, which is posited to be associated with physical effects 
of the bentonite on both the cell and nanopore domains.

(a) (b)
Figure 8. SEM Image of polymer matrix sample: (a) 0.109% MMT; (b) 0.216% MMT.

Overall, rheology tests and SEM images confirm 
that incorporating Na-MMT nanoplatelets alters gel archi-
tecture by reducing the prevalence of cell structures and 
promoting a nanopore-dominated matrix. This structural 
modification, likely influenced by nanoplatelet interactions 
and extended sonication required for dispersion, explains 
the lower storage modulus and reduced separation efficien-
cy observed in nanocomposite gels.

Although exfoliation and extended sonication were 
intended to promote uniform Na-MMT dispersion, rheo-

logical results suggest significant nanoplatelet aggregation 
within nanocomposite gels. In Figure 9, the SEM image 
confirms this behavior, showing clusters of platelets rath-
er than a fully dispersed network. This aggregation aligns 
with the reduced number of cell structures observed in 
nanocomposite matrices and reflects the inherent tendency 
of high-aspect-ratio nanoplatelets to aggregate within the 
polymer network. These structural features explain the re-
duced mechanical stiffness and altered transport behavior 
of PAAM–MMT gels observed earlier.

Figure 9. SEM Image of MMT nanoplatelets in 0.216% sample.

The aggregation shown in the SEM image of the 
0.216% MMT sample (Figure 9) aligns with the depletion 

mechanism described by Asakura and Oosawa [47], where-
by high–aspect-ratio platelets experience attractive forces 
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in polymer-rich environments, promoting cluster forma-
tion. In the nanocomposite gels, such interactions lead to 
platelet aggregates that are sometimes located outside the 
polymer-rich domains, reducing the formation of contin-
uous load-bearing junctions. The aggregate size also in-
creases with nanoplatelet concentration, in agreement with 
prior reports on filler-induced clustering in polymer nano-
composites [48–50]. These observations provide additional 
evidence that nanoplatelet agglomeration during gel curing 
plays a central role in the reduced mechanical stiffness and 
altered microstructure of the PAAM–MMT gels. While it 
does not appear that the presence of the bentonite signifi-
cantly affects the overall separation-enabling features of 
the PAAM gels at the higher concentrations of bentonite, 
there clearly is an effect on the mechanical properties of 
such gels.

4.	 Conclusions
This study demonstrates the successful exfoliation of 

sodium montmorillonite (Na-MMT), a naturally abundant 
and environmentally benign nanoclay, and its incorpora-
tion into polyacrylamide (PAAM) hydrogels. The result-
ing nanoplatelets (~400 nm, aspect ratio ~150) enabled 
low-polymer-content gel fabrication but introduced nota-
ble microstructural and mechanical changes. In both SDS-
PAGE and Native-PAGE, protein (CA and OSA) mobility 
was reduced in PAAM–MMT nanocomposites relative to 
pure PAAM gels at the lowest concentration of bentonite 
tested. Rheological and SEM analyses revealed that this 
decline stems from nanoplatelet agglomeration during 
gelation, which disrupts elastic junctions and replaces 
the robust, cell-based architecture of pure PAAM with 
nanopore-dominated networks.

While Na-MMT offers clear sustainability advan-
tages as a low-cost, natural nanofiller, its aggregation 
behavior may limit its effectiveness in electrophoretic ap-
plications. These findings highlight both the promise and 
challenges of clay-based nanocomposites in environmen-
tally conscious materials design. Future work should ex-
plore dispersion control and surface modification strategies 
to fully realize the potential of Na-MMT-enhanced hydro-
gels for green, high-performance separation technologies.
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