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The feasibility of constructing polymer/clay nanocomposites with polypeptides as the matrix material is shown. Cationic poly-L-lysine 䡠 HBr (PLL) was reinforced
by sodium montmorillonite clay. The PLL/clay nanocomposites were made via the
solution-intercalation film-casting technique. X-ray diffraction and transmission electron microscopy data indicated that montmorillonite layers intercalated with PLL
chains coexist with exfoliated layers over a wide range of relative PLL/clay compositions. Differential scanning calorimetry suggests that the presence of clay suppresses
crystal formation in PLL relative to the neat polypeptide and slightly decreases the PLL
melting temperature. Despite lower crystallinity, dynamic mechanical analysis revealed a significant increase in the storage modulus of PLL with an increase in clay
loading producing storage modulus magnitudes on par with traditional engineering
thermoplastics. © 2002 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 40: 2579 –2586,
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INTRODUCTION
Natural and synthetic clays have received much
attention as inorganic reinforcement materials in
the field of nanocomposites because of their small
particle size, nanometer level dispersion, good intercalation properties, mechanical strength, and
large surface area for adsorption of organic molecules.1,2 Incorporation of small amounts of layered silicates in a suitable polymer matrix results
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in significant improvements in the mechanical,3
thermal stability,4 – 6 gas barrier,7,8 and flameretardant9 properties of the nanocomposite versus the pure organic phase. Sodium montmorillonite (MMT) is a hydrophilic, mica-type, 2:1
phyllosilicate that forms stable suspensions in
water,10 making it ideal for dispersion into watersoluble polymers such as poly(vinyl alcohol),10,11
poly(ethylene oxide),12,13 poly(acrylic acid),14 or
poly(N-vinyl pyrrolidone).15
Numerous studies have focused on micro- and
nanocomposites with biocompatible and biodegradable polymers.16 –19 Several motivations
drive the search for biodegradable and biocompatible polymers as matrices for composites. Producing engineering and commodity materials out of
environmentally biodegradable polymers [such as
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Figure 1. Chemical structure of PLL.

article coating, textile sizing, and flexible watersoluble packaging films produced from poly(vinyl
alcohol)20] results in materials with “green” degradation pathways. Polymers with in vivo biodegradable pathways can be used in composites for
advanced biomaterials such as sutures produced
from poly(lactide-co-glycolide)-based polymers,21
drug-delivery matrices,22 and so forth within the
body. Composites with inherent biocompatibility
with living tissues create the potential for use as
load-bearing implants in orthopedic surgery,
blood vessels, and other replacement biomaterials
within the body.23
Although nanocomposites have been produced
with an extensive, disparate array of synthetic polymers, to our knowledge the effect of MMT incorporation on matrices of biological origin in general,
and on polypeptides in particular, has not been investigated. This study specifically investigates the
feasibility of making a new class of nanocomposites
in which the matrix is a polypeptide. The candidate
polypeptide used in this study is the homopolymer
poly-L-lysine 䡠 HBr (PLL). A cationic polymer at
neutral pH, PLL is ubiquitous in biotechnology labs
as a cell-adhesion agent for cell-culturing experiments in plates and on other solid substrates.24 We
envisioned the cationic primary amine groups of the
lysine amino acid side chains (Fig. 1) should interact with the negatively charged silicate layers of
MMT resulting in nanometer-range dispersion and
nanocomposite formation. The general use of
polypeptides as nanocomposite matrices introduces
intriguing possibilities for the design and construction of versatile, advanced materials. In addition to
having improved mechanical, barrier, and thermal

properties, nanocomposites produced with polypeptide matrices could have a priori designed, inherent
biological functionality (such as biocompatibility,
antimicrobial properties, or specific cell-targeting
capabilities) and morphological control via secondary structure-phase transitions of the polypeptide
matrix molecules.
For this investigation, nanocomposites of PLL/
MMT with varying polypeptide-to-clay compositions were prepared. Nanocomposite formation
and morphology were monitored via X-ray diffraction (XRD) and transmission electron microscopy
(TEM). Thermal properties of the nanocomposites
and the effects of clay incorporation on the extent
of PLL crystallization were measured with differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). Dynamic viscoelastic
properties of the nanocomposites were directly
measured with dynamic mechanical analysis
(DMA). The results of these initial studies presented herein reveal successful nanocomposite
formation with PLL and MMT, resulting in strong
peptide-based materials.

EXPERIMENTAL
Materials
PLL with a number-average molecular weight of
2.7 ⫻ 105 g/mol and a polydispersity of 1.28 was
prepared according to published procedures.25
Natural clay, Wyoming Na⫹-montmorillonite
(Swy-2) with a cation-exchange capacity of 76.4
meq/100 g was obtained from the Clay Minerals
Repository at the University of Missouri (Columbia, MO).
Purification of MMT
Approximately 15 g of MMT were gradually
added into deionized (DI) water and stirred overnight. The solution was subsequently kept static
allowing heavy impurities to sediment. Then the
separated clean clay solution was decanted from
the impurities. This process was repeated two
times resulting in a pure clay solution. The solution was centrifuged to separate the clean clay
from the DI water. The clay was subsequently
dried in a vacuum oven for 48 h at 60 °C and then
ground into a powder with a mortar and pestle.
Nanocomposite Preparation
Four different compositions of PLL/MMT nanocomposites were prepared (2, 5, 10, and 15 wt %
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MMT in PLL) with the solution-intercalation
film-casting technique. For each composition, 100
mg of PLL were dissolved in 250 mL of DI water
in a 500-mL beaker. Clay solutions (⬍0.1 wt %)
were obtained by suspending a measured amount
of clay in a separate 500-mL beaker containing
250 mL of DI water. The polypeptide and clay
solutions were stirred separately overnight and
then mixed together and stirred again for 12 h.
The water was evaporated in a rotating evaporator under vacuum at 50 °C. Because PLL sticks
firmly to bare glass, a poly(tetrafluoroethylene)
coated round-bottom flask was used to evaporate
the water. After 15 min the highly concentrated
solution was poured into a silicon rubber mold,
and the remaining water was allowed to evaporate. The solid nanocomposite films, several hundred microns in thickness, were further dried in a
vacuum oven for 48 h at 60 °C and subsequently
cooled to ambient temperature under vacuum.
The final nanocomposite films were strong, tear
resistant materials that were also optically clear.

CHARACTERIZATION
X-ray Diffraction
XRD experiments were performed in transmission mode on a pinhole-collimated camera
equipped with a Rigaku copper target rotating
anode (Cu K␣ radiation  ⫽ 1.54 Å) operating at
3.6 kW. Data were collected with a two-dimensional Bruker charged coupling device detector.
The isotropically scattered data were azimuthally
integrated into one-dimensional profiles of intensity versus scattering angle, 2. The samples were
scanned several times and rotated/translated between scans to ensure no orientation existed in
the samples; isotropic scattering resulted in all
samples.
TEM
TEM bright field imaging was performed with a
JEOL 2000FX microscope with 100-kV accelerating voltage. To preserve the in situ nanocomposite
structure, samples were microtomed into ultrathin slices (⬍100 nm thickness) without embedding, with a diamond knife. Because of their
tough, glassy character [glass-transition temperature (Tg) ⬃56 °C as observed via DMA; see results and discussion section), samples were microtomed at room temperature.
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Thermal Analysis
The nanocomposite thermal behavior was measured with a TA Instruments DSC and TGA
model Q100 series instrument. Experiments were
performed under constant nitrogen flow with a
heating rate of 10 °C/min. In an attempt to precisely observe the effect of clay incorporation on
PLL crystallinity, the DSC samples were weighed
such that all of the samples had an identical PLL
content. The sample weight was maintained at
low levels (1–2 mg) for all measurements to minimize any possible thermal lag during the scans.
Temperature and heat of fusion were calibrated
with an indium standard.
Mechanical Analysis
DMA experiments were performed on a TA Instruments 2980 DMA apparatus equipped with a
film-tension clamp. The instrument was programmed to measure E⬘ and E⬙ over the range of
0 –100 °C at 2 °C/min heating rate and 1 Hz
constant frequency. Calibrations for force, mass
position, and temperature were made in accordance with TA Instruments procedures. The specimen films were cut with length-to-width ratios
⬎6 to guarantee uniform strain in the films under
tension. The applied strain (0.02– 0.05%) was well
within the linear viscoelastic region of the samples, and the collected data were reproducible.
The Tg of the samples was defined as the temperature where tan ␦ was a maximum.

RESULTS AND DISCUSSION
Morphology
XRD patterns of neat PLL; neat MMT; and 2, 5,
10, and 15 wt % MMT in PLL nanocomposites are
given in Figure 2. The diffraction pattern for pure
PLL consists of two peaks because of the semicrystalline structure of PLL. These two peaks are
present in all of the nanocomposite X-ray patterns, indicating that the added clay particles do
not completely disrupt crystallization or alter the
crystal structure within the PLL matrix. Conversely, the characteristic peak of pristine MMT
that corresponds to the interlayer spacing, d(001)
⫽ 10.46 Å, of the constituent silica layers is completely eliminated in all of the nanocomposites,
indicating either complete intercalation or exfoliation of all the pure silica layers.
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images reveal the coexistence of disordered, exfoliated sheets of MMT layers (I) and intercalated
tactoids (II). In addition, many silicate layers are
normal to the electron beam and appear as large,
dark areas (III), masking whether the platelet is
exfoliated or part of an intercalated tactoid. The
intercalated tactoids in the TEM data are what
produce the XRD pattern in Figure 2, whereas the
disordered, exfoliated MMT regions have no periodic stacking and consequently have no characteristic peaks in the diffraction patterns.1,26 The
measured interlayer spacings between adjacent
clay layers of intercalated tactoids from TEM

Figure 2. Comparison of XRD patterns for different
compositions of neat PLL; neat MMT; and 2, 5, 10, and
15 wt % MMT in PLL nanocomposites. The two primary crystal diffraction peaks of neat PLL corresponding to spacings of 12.76 and 7.42 Å are labeled A and B,
respectively. The first-order reflection originating from
the interplatelet long spacing of pure MMT is labeled
d-(001). The first-order reflection originating from the
interplatelet long spacing after PLL intercalation is
labeled I-(001), and the second-order reflection is
I-(002).

Comparing the neat MMT diffraction pattern
with the high-clay-content (10 and 15 wt %) nanocomposite samples, one observes a new peak at
17.24 Å (I-001). This peak corresponds to the clay
interlayer galleries intercalated with PLL. The
spacing was regular enough to produce weak second-order reflections (I-002) also visible in Figure
2. In the lower clay content samples (2 and 5 wt
%), the magnitude of gallery increase via intercalation of PLL was lower than that observed in the
higher clay loadings. Interestingly, at high clay
content the silicate layers seem to have expanded
farther apart than in the dilute samples. This
intermediate spacing between pure MMT and the
high clay-loading nanocomposites was reproducible in different nanocomposite batches of the
same composition. Importantly, all of the intercalated scattering peaks are quite broad indicating
a large population of intercalated intergallery
spacings.
Typical TEM micrographs of the 10 wt % nanocomposite are illustrated in Figure 3(a,b). Both

Figure 3. (a) and (b) TEM bright field images of semicrystalline PLL/MMT (10 wt % MMT) nanocomposite
showing a mixture of intercalated clay tactoids (I), exfoliated clay platelets (II), and clay platelets parallel to
the material cross section/normal to the electron beam
(III).
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Figure 4. Comparison of DSC thermographs for all
relative PLL to MMT compositions studied (graphs are
offset vertically for clarity).

2583

tallization from solution, thereby increasing the
number of crystal embryos and consequently lowering the size of PLL crystallites within the final
nanocomposite and slightly lowering the PLL
melting point. Thermal glass transitions seem to
occur around 50 °C, although the transitions are
somewhat ambiguous. A much clearer indication
of Tg in pure PLL and PLL/MMT nanocomposites
was observed via strong tan ␦ maxima in the
DMA measurements reported subsequently.
TGA of pure PLL and the 5 and 15 wt % MMT
in PLL nanocomposite compositions are depicted
in Figure 6. The 2 and 10 wt % MMT composites
exhibited very similar behavior to the 5 and 15 wt
% nanocomposites but are not shown. Three specimens for TGA were cut from different parts of

bright field images are consistent with the XRD
data. Similar exfoliated/intercalated mixed morphologies are observed in the three other nanocomposite formulations and are not shown. The
micrographs emphasize the good nano- to microscale dispersion of the MMT filler in the PLL
matrix.
Thermal Characterization
DSC thermographs of the samples with different
clay compositions versus pure PLL are portrayed
in Figure 4. By integrating the area under the
endothermic region of the curves, heat of fusion
for each of the nanocomposite compositions was
calculated. The results are given in Figure 5(a).
The highest heat of fusion (i.e., the highest percentage of PLL crystallinity) was observed in pure
PLL. As the clay content increased, the heat of
fusion dropped indicating that the inorganic clay
particles hinder the overall extent of PLL crystallization from solution.
The melting point (Tm) of the samples was
evaluated from the position of the maximum in
the endothermic peaks of DSC thermographs
[Fig. 5(b)]. The Tm of the nanocomposites slightly
decreased with an increasing MMT content. Both
a decrease in the amount of crystallinity and a
decrease in Tm have been observed in poly(⑀-caprolactone) clay blends18 and was attributed to a
decrease in the crystallite dimension as a result of
adding clay to the pure polymer. Likewise, the
clay particles may act as nucleants for PLL crys-

Figure 5. (a) Heat of fusion and (b) melting point
variations of PLL/MMT nanocomposites with respect to
clay composition. In both (a) and (b), the results of three
measurements are exhibited by the data point representing the middle observed value, and the error bars
represent the total spread of the three measurements.
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Figure 6. PLL weight loss from TGA scans for 5 and 15 wt % MMT in PLL nanocomposites and pure PLL.

each sample composition. The TGA experiments
were performed on each specimen resulting in
identical degradation curves for all three specimens from the same composition. Initially, the
weight of ash produced by a known amount of
pure PLL was directly measured. By first measuring the amount of char as a percentage of solids
remaining from an original known amount of
pure PLL, one can subsequently calculate the
amount of polymer char because of known original amounts of PLL versus MMT in all of the
nanocomposites. As indicated by the TGA curve
reproducibility between specimens cut from the
same sample and the small disparity between
clay contents calculated from final ash content
versus original nanocomposite formulation (difference in MMT content ⬍0.1 wt %), the clay was
dispersed homogeneously throughout the matrix.
This conclusion is also supported by the TEM
micrographs in Figure 3(a,b).
All of the samples exhibit similar behavior—a
slight weight loss around ⬃100 °C corresponding
to water loss, an approximately 20% weight loss
subsequent to melting, and a final significant
weight loss down to a final ash content above 300
°C. As indicated by the initial weight loss, the
equilibrium water levels of the nanocomposites
were Ⰶ1.0 wt %, whereas the water content of the
pure PLL was ⬃2.0 wt %. The two large shoulders
in the thermal-degradation curves of all the samples, which correspond to degradation of the material in two steps, have been reported for other
types of matrices such as polyaniline27 and poly-

(ethylene oxide).28 In the case of polyaniline,29,30
the degradation at lower temperature was attributed to evaporation of acid dopant, and the second
transition was attributed to the degradation of
the polymer backbone. The bimodal degradation
of PLL and the lower PLL degradation temperature with clay loading observed in Figure 6 requires further investigation to identify specific
degradation mechanisms, and work is now underway.
Mechanical Properties
Figure 7(a,b) shows the temperature dependence
of the storage tensile modulus, E⬘, and tan ␦ of the
pure PLL, 10 and 15 wt % clay nanocomposites. A
clear transition exists between 40 and 60 °C in all
of the samples. The E⬘ of the 10 and 15 wt % MMT
nanocomposites is higher than pure PLL over the
entire range of temperature. Above 60 °C the
behavior of the samples becomes matrix dependent, and the difference between the storage moduli of the 10 and 15 wt % MMT content samples
decreases. However, the magnitude of storage
moduli in the nanocomposites is still higher than
that observed in pure PLL. The tan ␦ curves in
Figure 7(b) suggest a clear maximum at 56 °C,
which is defined as the Tg of PLL. The temperature at which the tan ␦ is a maximum does not
change significantly by adding clay. Although the
DSC experiments (Fig. 4) provided ambiguous Tg
results, DMA provided an unambiguous observation of Tg. In addition, because the peak of tan ␦
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by DMA, are listed in Table 1 for comparison with
the 10 and 15 wt % MMT in PLL nanocomposite
results. The PLL-based nanocomposites exhibit
mechanical properties commensurate with the literature examples of materials aimed at in vivo
bone regeneration and load-bearing implants,
highlighting the intriguing possibilities of
polypeptide-based nanocomposites for biomaterial technology.

CONCLUSIONS

Figure 7. Dynamic viscoelastic behavior of PLL/
MMT nanocomposites: (a) storage modulus, E⬘, and (b)
tan ␦. The average of three measurements is plotted for
all samples. The average standard deviation of the
DMA data is ⫾205, ⫾97, and ⫾110 MPa for the 15, 10,
and 0 wt % (pure PLL) MMT samples, respectively. The
standard deviations in temperature of the maximum
tan ␦ are ⫾2.1, ⫾3.5, and ⫾1.3 °C for the 15, 10, and 0
wt % (pure PLL) MMT samples, respectively. The uncertainties are not plotted in the data for the sake of
clarity.

decreased by adding clay, it can be concluded that
damping properties of the samples decreased by
increasing the MMT loading.
It is useful to compare the observed PLL/MMT
nanocomposite mechanical behavior with the behavior of thoroughly examined polymer/inorganic
composite matrices. Previously, Nazhat and coworkers31,32 prepared conventional microscale
composites with biodegradable poly-D,L-lactic acid/hydroxyapatite (HA) and high-density polyethylene/HA. The viscoelastic behavior of the preceding two literature examples of biomaterial composite systems at 20 and 37 °C, as characterized

We have investigated the structural, thermal,
and mechanical properties of PLL/MMT nanocomposites formed by clay intercalation/exfoliation in aqueous solution. According to TEM and
XRD studies, a coexistence of exfoliated and intercalated clay exists in the final nanocomposites
that reveals a robust tendency of PLL to disperse
on a nanometer length scale. Thermal studies
revealed PLL to be a semicrystalline material
when cast from solution and that its crystallinity
is suppressed with the addition of MMT filler to
form nanocomposites. The PLL/MMT nanocomposites were thermally stable up to the melting
point of PLL, after which the materials degrade
via a bimodal mechanism. Importantly, the mechanical properties of semicrystalline PLL and
PLL/MMT nanocomposites are similar to investigated biodegradable polymers and engineering
thermoplastics used in composites for biomedical
and commodity materials applications. Additional attributes of the polypeptide matrix, such
as optical transparency and easy functionalization with additional bioactive peptide sequences,
make these nanocomposites promising candi-

Table 1. Comparison of Tensile Storage Modulus of
PLL/MMT (10 and 15 wt % MMT) Nanocomposites
with PDLLA and PDLLA ⫹ HA (from Nazhat et
al.31), PE, and PE ⫹ HA (from Nazhat et al.32)

Material

E⬘ at 20 °C
(GPa)

E⬘ at 37 °C
(GPa)

PDLLA31
PDLLA ⫹ HA31
PE32
PE ⫹ HA32
Pure PLL
PLL/MMT 10 wt %
PLL/MMT 15 wt %

3.3
6.4
1.4
2.6
2.1
2.5
4.3

3.2
6.2
1.1
2.1
1.5
2.05
3.5
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dates for both traditional materials and advanced
biomaterials applications. Furthermore, the conformation of PLL in solution is strongly dependent on solution conditions such as temperature,
pH, salt concentration, and alcohol content,33–35
which provides the opportunity to study the effect
of PLL secondary structure/conformation on the
intercalated spacings and overall nanocomposite
morphology formed.
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