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We observe large-scale structures in hydrogels of poly(L-lactide)-poly(ethylene oxide)-poly(L-lactide) (PLLA-
PEO-PLLA) ranging in size from a few hundred nanometers to several micrometers. These structures are apparent
through both ultra-small angle scattering (USAS) techniques and confocal microscopy. The hydrogels showed power
law scattering in the USAS regime, which is indicative of scattering from fractal structures. The fractal dimension
of the scattering from hydrogels revealed that the gels have large size aggregates with a mass fractal structure over
the nanometer-to-micrometer length scales. The aggregates also seem to become more “dense” with an increase in
the molecular weight of crystalline PLLA domains. Visualization through confocal microscopy confirms that the gels
have a microstructure of interspersed micrometer-sized polymer inhomogeneities with water channels running between
them. The presence of micrometer-sized water channels in the hydrogels has very important implications for biomedical
applications.

Introduction

Hydrogels have generated a great deal of interest in recent
years for possible applications in drug delivery1,2 and as cell
scaffolds for tissue engineering.3-6 These materials match body
tissues in interfacial tension, water content, and mechanical
properties (i.e., soft and rubbery). The structure of these gels has
been considered of primary importance for controlling various
properties that are important for biomedical applications.
Specifically, the nanometer-scale structure of the gels directly
impacts their mechanical properties, whereas the structure on
the micrometer length scale and microscale porosity affects cell
seeding, cell motility, immunoprotective capabilities, and trans-
port into and out of the hydrogel.7 Additionally, the pore structure
of gels is a crucial factor affecting the foreign body response that
an implanted biomaterial elicits. Vascularization in and around
implanted scaffolds has also been found to be strongly dependent
on the implant microstructure as characterized by its pore size.8-13

These studies establish that micrometer-sized porosity in

implanted grafts or membranes leads to stable and enhanced
vascularization in the system, irrespective of the chemical
composition of the scaffolds.

We report here the structure of triblock copolymers of poly-
(L-lactide)-poly(ethylene oxide)-poly(L-lactide) (PLLA-PEO-
PLLA) that form stiff gels when added to water at concentrations
as low as 16 wt %. Copolymers of poly (ethylene glycol) (PEG)
and poly(lactide) (PLA) with AB and ABA architecture have
been extensively studied for biomedical applications.14-27 We
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have previously reported the mechanical properties, drug release
characteristics, and nanoscale structure of hydrogels formed from
both PLLA-PEO-PLLA, which has crystalline hydrophobic
domains, and triblocks synthesized usingmeso- or DL-lactide,
which have amorphous hydrophobic domains.28-32 We find that
changes in block length and crystallinity of the hydrophobic
PLA block significantly affect the structure and properties of the
hydrogels formed.33Triblock copolymers made from crystalline
lactide blocks form gels with elastic moduli that are orders of
magnitude higher than the corresponding polymers from amor-
phous lactide blocks with similar molecular weights. Also, the
elastic modulus of the hydrogels was seen to increase monotoni-
cally with an increase in the molecular weight of the crystalline
PLA block.29 The difference in mechanical properties can be
attributed to the difference in nanoscale structure of the gels
formed by the these systems.34 In order to probe micrometer-
scale structures in these hydrogels, scattering with larger
wavelengths (e.g., with visible light or smaller angles) can be
used. Since many systems that have micrometer-sized domains
are opaque to visible light, ultra-small angle scattering (USAS)
techniques using X-ray or neutrons are often employed.
Comprehensive reviews have been published which cover the
use of USAS techniques to probe structures of colloidal crystal35

composites, geomaterial36polymer solutions, gels, and glasses.37

Of these studies, very few have examined ultra-small angle

scattering on gel systems. These include studies on poly(styrene)-
poly(acrylic acid) (PS-PAA) gels,38 sulfonated polystyrene
gels,39 poly(vinyl alcohol) gels,40 poly(N-isopropylacrylamide)
gels,41 and gels of diblock copolypeptides.42

In this work, we report the micrometer-scale structures of
PLA-PEO-PLA hydrogels with crystalline PLLA endblocks
using USAXS/USANS and confocal microscopy techniques. The
change in gel structure with the length of crystalline PLA block
was studied. All the polymer gels showed excess power law
scattering at lowq in the USAS regime, suggesting the presence
of hierarchical structures with sizes ranging from nano- to
microscale. This observation was confirmed by confocal
microscopy, which showed micrometer-sized polydispersed
aggregates with water channels in between them in the gels. The
nano- to microscale porosity of the gels, combined with their
tunable mechanical properties, makes these materials excellent
candidates for tissue-engineering applications.

Materials and Methods

Materials. L-Lactide ((3S)-cis-3,6-dimethyl-1,4-dioxane-2,5-di-
one)) from Aldrich was purified by recrystallization in ethyl acetate
and then sublimated prior to polymerization. TheR,ω-dihydroxy
poly(ethylene glycol) macroinitiator with molecular weight 8000
(PEG 8K, Aldrich) was dried at room temperature under vacuum
for 2 days prior to polymerization. MALDI-TOF and GPC showed
this polymer to be 8900 in weight. Stannous octanoate (Alfa Aesar)
was used without further purification.

Synthesis of PLLA-PEO-PLLA Triblock Copolymer. PLLA-
PEO-PLLA triblock copolymers were synthesized in the bulk. PEO
was weighed into a dry round-bottom flask, purged with nitrogen,
and placed into an oil bath at 150°C. Stannous octanoate was
introduced to the molten PEO, followed by the immediate addition
of L-lactide to the macroinitiator/catalyst melt. The flask was capped
and allowed to polymerize for 24 h at 150°C while stirring and is
then stopped by quenching in methanol. The product was dissolved
in tetrahydrofuran and precipitated in a mixture of cyclohexane and
n-hexane four times. The copolymer was then dried under vacuum
for 2 days.

The polymer series that we used in our study are listed in Table
1. The sample names indicate the total length of PLA block followed
by a letter indicating the stereospecificity of the PLA block, e.g.,
58L refers to the polymer PLA29PEO202PLA29, which is made using
semicrystalline PLLA.

Sample Preparation.In a typical method of sample preparation,
nanopure water for USAXS and confocal microscopy experiments
or D2O for USANS experiments was first added to a required amount
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Table 1. Characteristics of PLA-PEO-PLA Triblock
Copolymers Synthesized

PLA-PEO-PLA Triblocks

sample name DPPLA DPPEO Mn

58L 58(PLLA) 202 13.0k
62L 62(PLLA) 202 13.3k
72L 72(PLLA) 202 14.1k
77L 77(PLLA) 202 14.4k
87L 87(PLLA) 202 15.2k
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of polymer to make a solution of known concentration. The sample
was then heated at 80°C for 20 h and subsequently kept for 1-2
days at room temperature to allow for equilibration. For imaging
experiments, a small amount of the fluorescent hydrophobic dye,
Rhodamine (R110, Molecular Probes) was prepared in nanopure
water and a drop of the solution was added to the prepared hydrogel.
This sample was again allowed to sit in the dark for approximately
1 day to allow for homogeneous dispersion of the dye in the gel
matrix. The polymer concentration of samples used for microscopy
and USANS was 25 wt %, and for USAXS experiments, it was 30
wt %.

Ultra-small Angle X-ray Scattering (USAXS), Ultra-small
Angle Neutron Scattering (USANS), and Laser Scanning Con-
focal Microscopy (LSCM). USAXS experiments were performed
on the hydrogel samples at the UNICAT facility (sector 33-ID) of
the Advanced Photon Source at Argonne National Labs. The USAXS
instrument is a Bonse-Hart type diffractometer and can be used to
collect scattering data over aq range of 10-4 to 10 Å-1. The gel
samples were transferred to a sample holder which provided a 1 mm
path length for the X-ray beam through the sample. Extreme care
was taken not to introduce any air bubbles in the hydrogel samples,
and any air bubbles in the beam path were avoided by suitably
positioning the sample with the help of a camera.

USANS experiments were performed on the perfect crystal
diffractometer on beam port BT-5 at the National Centre for Neutron
Research, NIST, Gaithersburg, MD. Preformed gel samples were
transferred to a sample holder which provided a 1 mmpath length
for the neutron beam. The USANS data were collected on the sample
for approximately 3 h over aq range of 10-5 to 10-3 Å-1. Theq
range provided by USANS gives further insight into the gel structure
over sizes which are an order of magnitude larger than seen by
USAXS experiments. It also overlaps with size scales that can be
visualized by confocal microscopy, thus providing scope for direct
comparison of the results through the two techniques.

Imaging of the hydrogel matrix was done using a Leica microscope.
Excitation of the hydrophobic dye was done at the wavelength of
488 nm. Several two-dimensional slices of the hydrogel were taken
along thez-axis and were compiled to obtain information about the
three-dimensional morphology of the hydrogel.ImageJsoftware
was used to further obtain quantitative information about particle
size distribution from the micrographs.

Results and Discussion

USAS Experiments.Ultra-small angle X-ray scattering spectra
for the PLLA-PEO-PLLA gels at 30 wt % concentration are
shown in Figure 1. The spectra clearly reveal structure present
in the gels over two different length scales. Over the nanometer

length scales (∼0.01 Å-1 to 1 Å-1), the hydrogels display a
broad shoulder followed by a power law scattering regime. We
have confirmed earlier that PLLA domains in the polymer are
crystalline even in the hydrogel state.33 Thus, it is expected that
PLLA-PEO-PLLA polymers form nonspherical aggregates
with PEO chains attached on the surface of PLLA lamellae as
opposed to the flowerlike micellar aggregates which are expected
to be formed by ABA triblock copolymers in a solvent selective
for the midblock. At high concentrations, the polymer aggregates
associate with each other, leading to formation of stiff gels. The
random orientation and possible polydispersity of the nonspherical
aggregates lead to formation of the broad shoulder representing
a broad polydispersity in correlation lengths, atq ≈ 0.02 Å-1.
We have performed complementary SANS measurements and
analysis of scattering data to elucidate the micellar structure in
greater detail; this will appear in a forthcoming publication. Here,
we focus on the gel structure at length scales larger than∼100
nm.

The scattering spectra show a power law behavior in the low
q regime (∼10-4 Å-1 to 10-2 Å-1), indicating the presence of
micrometer-sized structures in the gel (Figure 1). This observation
of large-scale structures in the gel follows very well with our
understanding that association between the nanoscale micellar
aggregates occurs, which leads to a network formation and
gelation in these systems. This may be similar in nature to the
observation of large-scale structures in other associative network
systems.43 The gel structure can be envisaged as a cross-linked
network of aggregates with water channels running in between
them42 and dimensions from nano- to micrometer scale. The
spectra at lowq can be fit to a power law,I(q) ) I(0)q - γ, and
the values of the exponentγ are given in Figure 2. The value
of the exponents is seen to vary in the range 2-3 for all the gels.

Power law scattering behavior is often indicative of scattering
from fractal structures.38,44These can be either mass or surface
fractals, and both can be found in polymeric systems. For a mass
fractal, the massM is directly proportional to some fractional
powerdf of the radius. The power law exponentdf, called the
fractal dimension, is indicative of the “openness” of the fractal
structure. For mass fractals, this exponent can vary from 1 for
a loosely connected aggregate with ill-defined interfaces to 3 for
a very dense aggregate structure. Surface fractals are compact
structures but have a surface area,A, that is proportional to some
fractional power,ds, of the radius. For objects which are surface

(43) Loizou, E.; Butler, P.; Porcar, L.; Kesselman, E.; Talmon, Y.; Dundigalla,
A.; Schmidt, G. Large scale structures in nanocomposite hydrogels.Macromol-
ecules2005, 38 (6), 2047-2049.

(44) Schmidt, P. W. Small-Angle Scattering Studies of Disordered, Porous
and Fractal Systems.J. Appl. Crystallogr.1991, 24, 414-435.

Figure 1. USAXS spectra for theL-lactide series polymers gels at
30 wt % concentration in water. The data clearly shows power law
behavior in the lowq regime exhibited by all the gels.

Figure 2. Power law exponents (γ) obtained from the fit of the
equationI(q) ) I(0)q-γ to the lowqscattering spectra of the polymer
gels.
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fractals,dsvaries from 3 for very rough surfaces to 2 for scattering
from smooth surfaces. Summarizing mathematically

is the defining relation for mass and surface fractals. The scattering
exponent (γ) is equal todf for mass fractals and varies from 1
to 3, whereas it is equal to 6- ds for surface fractals and varies
from 3 to 4. On the basis of the above description, it can be
deduced that the hydrogel structure becomes denser as the
molecular weight of the PLLA chains is increased.

A Guinier scattering region was not seen at lowq values in
the USAXS regime, indicating that micrometer-sized aggregates
with sizes larger than that probed by USAXS could be present
in the gels. A USANS experiment was thereby performed on a
25 wt % hydrogel sample of one of the polymers, 62L, in order
to obtain information about the gel microstructure over theq
range of∼2.3 × 10-3 to 2.3 × 10-5 Å-1, corresponding to
length scales of roughly 0.28 to 28µm. Power law scattering was
again observed for the hydrogel over the wholeq range, with no
Guinier regime present (Figure 3) similar to the USAXS spectra.
The power law exponent of the USANS spectra is 2.8, which
is larger than that observed for the hydrogel of the 58L sample
at 30 wt % through USAXS (Figure 2). The value of the fractal
dimension, however, is still seen to be in the range observed for
other polymer hydrogels. The hydrogels thus appear to have a
fractal-like structure with aggregates much larger than 30µm.

Confocal Microscopy.For further insight into the hierarchical
structure in the hydrogel, we performed confocal microscopy on
the hydrogels of PLLA-PEO-PLLA copolymers. Figure 4
shows representative fluorescence micrographs of 25 wt %
hydrogel of 58L, 72L, and 87L. The micrographs clearly show
large-scale aggregates in the size range 1-80 µm for all the
polymers. The information obtained through microscopy confirms
the conclusions about the gel microstructure as derived though
USAS. The brighter spots in the micrographs indicate the regions
where the hydrophobic fluorescent dye preferentially segregates,
which are most likely to be the regions where polymer aggregates
are formed or regions rich in polymer. The darker regions in the
image show regions with water-filled channels and pores or
regions poor in polymer concentration, thereby showing that a
substantial amount of water is present in the gel matrix. Thus,
the micrographs show that the hydrogels consist of interspersed
inhomogeneous polymer aggregates with water channels running
between them. This can have important implications for drug

delivery and tissue-engineering applications, because the presence
of water channels facilitates transport of drugs, nutrients, or cells
into and out of the matrix.7 Also, as discussed earlier, porosity
of scaffolds on micrometer length scales has been found to be
the primary factor responsible for growth of vasculature through
the system, again suggesting the utility of these materials for
tissue engineering.8-13 Similar large-scale inhomogenities and
water pores have also been observed for copolypeptide hydro-
gels,42 PS-PAA hydrogels,45 and polymer nanocomposite

Figure 3. USANS spectra for 62L polymer gel at 25 wt %
concentration. The spectra shows presence of large scale aggregates
in the gel over a size range of∼0.5-30 µm, which is 1 order of
magnitude larger than that observed through USAXS.

M ∼ Rdf 1 < df < 3 mass fractals

A ∼ Rds 2 < ds < 3 surface fractals

Figure 4. Confocal images of the (a) 58L, (b) 72L, and (c) 87L
polymer gels at 25 wt % concentration. The gels were stained by
Rhodamine dye as fluorescent probes. The micrographs clearly show
the presence of micrometer-sized polydispersed aggregates of the
polymer which are preferentially stained by the dye. The black regions
in the picture are micrometer-sized pores and water channels which
run throughout the gel matrix.
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hydrogels.43 Another noticeable feature in the images obtained
for the 87L polymers is that some aggregates have a cagelike
interconnected structure. A closeup of this cagelike structure
(Figure 5) shows that the features forming the “cage” are close
to 1µm in size. This indicates that the individual aggregates also
have a highly porous networked structure with a smaller
dimension, indicating that these gels have water channels with
dimensions spanning less than 1µm to several micrometers in
length scale.

To further quantify our observations, image analysis was
performed on the optical micrographs usingImageJsoftware.
The micrographs were segmented into dark and white regions,
representing aggregates and water channels, respectively. The
area of the aggregates was then determined and a distribution
of aggregate sizes generated. Since the aggregates are randomly
shaped, the square root of the area of the aggregates was taken
as the characteristic size. The resulting aggregate size distributions
are shown in Figure 6 for two gels 58L and 72L. The abscissa
of the graphs has been cut off at 12µm for both cases, because
the majority of the aggregates lie in this size range, even though
a few aggregates of very large sizes (up to 120µm) can be clearly
seen in the images. The statistics of the distribution are shown
in Table 2. Even though the average aggregate sizes fall around
2-3 µm, the distributions are clearly skewed toward smaller
sizes, and hence the median and mode are a more representative
measure of the aggregate sizes. These range from 0.8 to 1.7µm.
Aggregates smaller than 0.5µm are likely present in these gels,
which give a power law scattering in the USAS regime; however,
smaller aggregates cannot be observed via confocal microscopy.
In Table 2, we also report the values ofτ, which characterizes
the number distribution of aggregates with mass of aggregates
according to the equationN(M) ∼ M-τ. The relevance of this
parameter is described further below.

Polydispersity Effects on the Fractal Dimension.For all the
polymers, the number distribution of the aggregates was seen to
have a power law dependence on the aggregate size, which in
turn can be related to the aggregate mass asM ∼ Rdf, wheredf

is the mass fractal dimension of the aggregate and is 3 for a
surface fractal object. It has been observed by other researchers
that for polydisperse systems the scattering exponent (γ) may
depend on both the fractal dimension and the polydispersity

exponent for both the surface and mass fractals.44,46-50 For the
case in which the mass number distribution of the aggregates has
a power law dependence on the aggregate mass (N(M) ∼ M-τ),
the power law dependence of the scattering intensity on the
scattering wave vector is calculated as49

whered is the number of dimensions. Here,IM is the scattering
intensity from monodispersed objects and is given by the relation
IM ∼ M2F(qR). In the absence of interactions,F(qR) ) 1 -
(qR)2/3 + ... for qR , 1. For qR . 1, scattering from both
surface and mass fractals shows a power law behavior given as
F(qr) ∼ (qR)-γ. The integral in eq 1 is absolutely convergent
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Figure 5. Magnified image of an aggregate in 87L polymer gel at
25 wt % concentration. The micrograph shows that the aggregate
has a cagelike network structure. The image also shows sub-
micrometer-sizef porosity in the aggregates.

Figure 6. Aggregate size distribution in the gels of (a) 58L and (b)
72L polymers at 25 wt % concentration. The abscissa of the graphs
has been cut at 12µm, since the majority of the aggregates lie in
this size range.

Table 2. Statistics of Particle Size Distributiona

polymer mean σ median mode τ

58L 2.7 2.5 1.7 0.7 1.21( 0.06
72L 2.0 2.4 0.8 0.8 1.07( 0.05

a All sizes are inµm.

I ∼ ∫ M-τIM dM{∼q-d(3-τ) surface fractal

∼q-df(3-τ) mass fractal
(1)

Micro- to Nanoscale Structure of Hydrogels Langmuir, Vol. 23, No. 9, 20075043



when reasonable bounds are put on the value ofτ, which are 2
< τ < 3 for a mass fractal and 1+ ds/d < τ < 3 for a surface
fractal.

In the case of systems for which the value ofτ lies below these
bounds, the integral in eq 1 is convergent if the number distribution
has the formN(M) ∼ M-τ f(M/Mw) wheref(x) is a cutoff function
which is constant forx , 1 and decays faster than a power law
for x . 1. Here,Mw is the weight-averaged mass. This is also
a physically important case since many real systems may have
a maximum aggregate size, which is finite. For this case, a
straightforward calculation for scattering intensity gives49

Hence, for fractal structures, polydispersity in aggregate sizes
becomes irrelevant in this regime, and power law scattering shows
a dependence onq similar to that for monodispersed systems.

In order to ascertain if polydispersity in aggregates affects
scattering in the gels, the number distribution of the aggregates
was plotted against aggregate mass, and power law exponents
(τ) of the dependence were obtained (Figure 7). An estimate of
the mass of the aggregates was obtained by using the scaling
relationM ∼ Rdf. This exercise was performed for all the samples
even though 62L is the only sample for which the size scales
observed by USAS and confocal microscopy overlap. The values
of τ obtained for all the samples were seen to lie well within the
bounds of eq 2 and are listed in Table 2. It can thus be concluded
that polydispersity does not affect the fractal exponents obtained
for the gels and the hydrogels have a mass fractal like structure

with porosity in the network present over the nanometer to
micrometer length scales.

Conclusions

We have observed the existence of large-scale structures in
hydrogels of PLLA-PEO-PLLA through USAXS/USANS and
microscopy and have compared the structure of hydrogels with
increasing MW of crystalline PLA domains. Lowq scattering
from the polymer hydrogels shows a power law behavior with
power law exponents less than or equal to 3. This behavior is
indicative of scattering from mass fractals. The internal structure
of the gels also seems to become denser as the PLLA block
length is increased. Further investigation of the structure via
microscopy indicates that the hydrogels are composed of
polydispersed aggregates of sizes ranging from less than 1 to
several micrometers. The median and mode of the aggregate and
corresponding pore sizes lie in the range 0.8-1.7 µm, though
a few aggregates/pores of sizes even larger than 100µm are
clearly seen in the microscopy images. The presence of
micrometer-sized water channels and pores running throughout
the gels could facilitate transport and cell motility and thus is
an important characteristic for drug delivery and tissue-
engineering applications.
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Figure 7. Power law decay of the number distribution of aggregate
masses seen in hydrogel of 62L polymer.

I{∼q-df τ < 2 mass fractal

∼q-2d+ds τ < 1 +
ds

d
surface fractal

(2)
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