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a b s t r a c t

Scanning electrochemical microscopy has been used to examine the molecular transport properties of
photopolymerized poly(ethylene glycol) (PEG) hydrogels having different mesh sizes. Both the molecular
weight (508 Da or 3000 Da) of the PEG diacrylate macromer and its weight percent (20 wt%, 40 wt%, or
60 wt%) in solution prior to photopolymerization were varied. Mesh size was estimated from equilibrium
swelling measurements and a thermodynamic model. Estimated mesh sizes ranged from ca. 10 Å for
60 wt% PEG 508 gels to ca. 100 Å for 20 wt% PEG 3000 gels. The electrochemically active diffusing species,
ferrocenemethanol, was detected via oxidation at a platinum microelectrode. For a given hydrogel,
multiple approach curves showed a consistent relationship between current and distance. Electro-
chemically estimated diffusivities followed the same trend as predictions based on mesh size and ranged
from 25% to 80% of the diffusivity in aqueous solution. As a proof of concept, scanning electrochemical
microscopy was successfully used to map the topography of hydrogels with complex architecture, which
are being designed as cell scaffolds.

Published by Elsevier Ltd.

1. Introduction

Hydrogels based on crosslinked poly(ethylene glycol) are
important biomaterials being investigated for applications in drug
delivery [1] and as cell scaffolds for tissue engineering [2]. This
polymer offers many advantages including its biocompatibility and
its ability to degrade if appropriate chemical groups are incorpo-
rated [1]. Poly(ethylene glycol) (PEG) hydrogels are typically
formed from macromolecular divinyl monomers (i.e., macromers)
and crosslinked in the presence of an initiating system, such as
a chemical photoinitiator and light. These hydrogels are versatile
cell scaffold materials and can be used to encapsulate cells during
the polymerization process [3,4] or can be fabricated with highly
porous structures where cells are seeded onto the scaffold post-
polymerization [5,6]. The mechanical and chemical environment
experienced by cells will depend, in part, on the properties of the
scaffold. In particular, the elasticity and swelling of hydrogels
changes dramatically with the degree of crosslinking.

Diffusion of small molecules through the hydrogel network is
critical to its function in many biological applications. For example,
the oxygen permeability of contact lens materials is critical to
supplying sufficient oxygen to the cornea, a nonvascular tissue [7].
New contact lens materials continue to be researched for extended
wear [8] and new methods devised to measure oxygen perme-
ability [9]. Another notable example is engineered cardiac muscle
tissue, which demands high levels of oxygen due to the high
metabolic activity of cardiomyocytes [10,11]. In general in tissue
engineering, the structure of the scaffold plays a key role in the
diffusion of nutrients, such as oxygen and glucose as well as larger
species such as growth factors, which are important to cell survival,
cell function, and tissue growth.

In crosslinked systems, the average distance between two
neighboring crosslinks is termed the mesh size and dictates diffu-
sion of molecules through hydrogels. Mesh size and other macro-
scopic properties are readily tuned by varying parameters such as
the molecular weight of the divinyl macromer and the weight
percent of macromer in solution prior to polymerization [12]. Mesh
size is often estimated indirectly from equilibrium swelling
measurements using the FloryeRehner equilibrium-swelling theory
[13]. However, this approach depends on a bulk measurement and
does not provide information on spatial variations in the hydrogel
structure. A variety of experimental techniques have been applied to

q Contribution of the U.S. Department of Commerce; not subject to copyright in
the U.S.
* Corresponding author. Tel.: þ1 303 497 4968; fax: þ1 303 497 5030.

E-mail address: jeerage@boulder.nist.gov (K.M. Jeerage).

Contents lists available at ScienceDirect

Polymer

journal homepage: www.elsevier .com/locate/polymer

0032-3861/$ e see front matter Published by Elsevier Ltd.
doi:10.1016/j.polymer.2010.09.028

Polymer 51 (2010) 5456e5461



Author's personal copy

the characterization of diffusion in hydrogels, including confocal
laser scanning microscopy [14] and nuclear magnetic resonance
spectroscopy [15]. Electrochemical measurements possess the
unique advantage of directly quantifying oxygen via its irreversible
reduction on a platinum microelectrode surface. This is in contrast
to optical methods and has been exploited for bulk measures of
oxygen transmissibility and permeability [16].

Fan used microelectrodes to measure the diffusivities of several
ferrocene derivatives within low wt% poly(acrylate) and poly
(acrylamide) hydrogels [17]. In these studies, the electrode was
pushed into the bulk gel to measure transient chronoamperometric
curves. Hyk et al. measured diffusivities within 4 wt% poly(N-iso-
propylacrylamide) hydrogels, again pushing the electrode into the
bulk gel [18]. However, the higher wt% poly(ethylene glycol)
hydrogels studied here do not easily permit microelectrode inser-
tion into the bulk gel. We instead utilize scanning electrochemical
microscopy (SECM) [19] approach curves to investigate diffusive
properties and to map changes in hydrogel architecture. It is well
known that a microelectrode approaching a non-conductive,
impermeable surface exhibits a decreased current due to blocking
of the probe molecule by the surface. This is known as negative
feedback and simulated approach curves have been produced by
solving the steady-state diffusion equation for a variety of electrode
geometries [20]. When the electrode approaches a permeable
surface such as a hydrogel, the concentration profile is more
complicated, with diffusion occurring through the solution and
through the gel [21]. Several crosslinking densities were examined
by varying the macromer molecular weight (508 Da or 3000 Da) as
well as the macromer concentration (20 wt%, 40 wt%, or 60 wt%) in
solution prior to polymerization. A small, neutral species, ferroce-
nemethanol (FcCH2OH), is used as the electroactive probe mole-
cule. Multiple locations are sampled to assess the homogeneity of
the hydrogel structure, and electrochemically estimated diffusiv-
ities are compared with predictions from a thermodynamic model
based on bulk equilibrium swelling measurements.

SECM has been applied in multiple ways to the imaging of living
cells [20,22]. Depending on the redox mediator chosen, cell
topography [23], intracellular redox activity [24,25], and oxygen
profiles [26,27] can be mapped. FcCH2OH has recently been
proposed as a superior redox mediator for metabolic activity
[22,28,29]. These studies used cells cultured on polystyrene dishes,
where the interaction between microelectrode and substrate is
well understood. In tissue engineering, cells may be seeded onto
porous scaffolds with complex architecture. Therefore the studies
of PEG hydrogels presented here are critical to SECM investigations
of cells in this more natural environment.

2. Experimental

2.1. PEG hydrogel preparation

PEGDA (poly(ethylene glycol) diacrylate) 508 was obtained
commercially, whereas PEGDA 3000 was synthesized by the
following procedure. PEG 3000 was added to a methylene chloride
solution containing triethylamine on ice such that themolar ratio of
triethylamine to PEG was 3:1. Acryloyl chloride diluted 10:1 in
methylene chloride was added dropwise to this solution until the
molar ratio of acryloyl chloride to PEG was 2.5:1. After addition of
acryloyl chloride, the reaction proceeded overnight at room
temperature. Product was separated and purified through precip-
itation in cold ethyl ether, desiccated for 48 h, and stored at 4 �C
under argon. Chemical structure was confirmed by proton nuclear
magnetic resonance spectroscopy.

For PEG 508 hydrogels, the macromer solution was made from
PEGDA 508 and 41% ethylene glycol/59% water (v/v). For PEG 3000

hydrogels, the macromer solutionwas made from PEGDA 3000 and
water. The photoinitiator 2,2-dimethoxy-2-phenyl-acetophenone
was dissolved in 1-vinyl-2-pyrrolidinone to a final concentration of
500mg/mL. This solutionwas added to themacromer solution such
that thefinal photoinitiator concentration of themacromer solution
was 1.5% (w/w). The final macromer þ photoinitiator solution was
added to a mold formed from glass slides and spacers, which
constrain the polymerized gel to 0.76 mm (0.03 in) thickness.
The solution was polymerized for 8 min under ultraviolet light
(8 mW/cm2) with a wavelength of 365 nm. Hydrogels of the
followingweightpercentswere studied: 20wt%, 40wt%, and60wt%
(6 different formulations in total). The finished polymer was soaked
inwater for 24 hwith several solution replacements. Fully hydrated
scaffolds were punched into 10 mm diameter discs and stored in
water until use.

Excess water was removed from 10 mm diameter hydrogels,
then each was soaked in 10 mL of electrolyte containing the elec-
troactive probe (0.001 mol/L FcCH2OH þ 0.1 mol/L KCl) for at least
96 h prior to electrochemical measurements, with several solution
replacements. Hydrogels were mounted in a polycarbonate cell
using a thin layer of vacuum grease at its upper and lower edges.
Both the upper and lower faces of the hydrogel contacted the
electrolyte (0.001 mol/L FcCH2OH þ 0.1 mol/L KCl) during scanning
electrochemical microscopy (SECM details in 2.2). Distilled,
deionized water was used for all macromer, electrolyte, and
swelling solutions.

To create a porous hydrogel sample, uncrosslinked poly(methyl
methacrylate) spheres were sieved to 150 mm to 180 mm in diam-
eter and placed in a mold. After sonication for two 20min intervals,
the sphereswere sintered for 19 h at 140 �C. Themacromer solution
used for 40 wt% PEG 508 hydrogels was added in stages to the
entire volume of the mold and photopolymerized. After removing
the polymer from the mold, the spheres were dissolved in a 1:1
acetone/methylene chloride solvent solution for approximately
48 h, with three solution changes. The finished polymer was then
soaked in water for 24 h with several solution replacements and
punched into 10 mm diameter discs. After examination of
a hydrated sample via scanning electrochemical microscopy (SECM
details in 2.2), the porous hydrogel was soaked in a 70% ethanol/
water solution overnight and dried under vacuum (about 16.7 kPa)
for 2 h at room temperature prior to examination via scanning
electron microscopy (SEM) at 1.5 keV.

2.2. Scanning electrochemical microscopy (SECM)

Commercially available Pt disc microelectrodes surrounded by
glass were polished with 50 nm alumina, rinsed with water, and
dried in a stream of inert gas. The counter electrode was a Pt wire
and the reference electrode was an Ag/AgCl wire in saturated KCl.
All experiments utilized the reversible one electron oxidation of the
neutral probe molecule ferrocenemethanol, which is diffusion
limited at E ¼ 0.5 V vs. Ag/AgCl. When the potential on the Pt
microelectrode in a quiescent electrolyte is stepped to this poten-
tial, its current (Itip) is described by an equation having time-
dependent and time-independent terms. At steady state, the
limiting current (Ilim) for a disc microelectrode surrounded by an
insulator is described by the expression

Ilim ¼ 4nFDoCa (1)

where n is the number of electrons transferred in the redox reaction
[1], F is Faraday’s constant [96484.6 C/mol], Do is the diffusivity of
ferrocenemethanol [6.8 � 10�6 cm2/s], C is its bulk concentration
[1 � 10�6 mol/cm3], and a is the microelectrode radius [ca.
12.5�10�4 cm]. Prior to each series of measurements, the radius of
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the microelectrode was determined by use of Eq. (1) and a redox
species with known diffusivity.

Motion of the microelectrode in the x, y, and z directions was
controlled by a closed-loop motorized stage using software written
in house. Approach curves were acquired by moving the micro-
electrode towards the sample in 100 nm steps at 1.0 mm/s; the tip
current was recorded after 50ms of settling time. Prior to each series
of measurements, the normalized current (Itip/Ilim) vs. normalized
distance (z/a) curve was measured as the microelectrode was
brought into contact with a glass surface. This is known as pure
negative feedback and the shape of the approach curve depends on
the dimensions of themicroelectrode and insulator, in particular, the
ratio of the glass (insulator) radius to the microelectrode radius
(Rg ¼ rg/a) [30]. Experimental measurements using a glass substrate
were compared with simulated approach curves to verify that the
plane of the probe tip was aligned with the plane of the substrate.

Since the exact location of the electrolyte/hydrogel interfacewas
not known a priori, approach curves began at least 250 mm above
the interface and continued for several micrometers into the bulk
hydrogel before the microelectrode was retracted. The derivative of
the current was used to identify the z position corresponding to an
inflection point. This is the electrolyte/hydrogel interface and its
position (normalized distance, z/a) was set to zero.

2.3. Equilibrium swelling measurements

The equilibrium mass swelling ratio (q ¼ ms/md) was deter-
mined by weighing swelled hydrogels (ms), drying them under
vacuum, then weighing the dried polymer (md). For each hydrogel
formulation, equilibrium swelling measurements were performed
on five samples. The volumetric swelling ratio (Q) was determined
using known densities of polymer (rp) and water (rw) and

Q ¼ 1þ ðq� 1Þrp
rw

: (2)

We estimated the average molecular weight between crosslinks
(Mc) using a modified version of the FloryeRehner Equation
neglecting chain ends [13],

1
Mc

¼ �
�
n=V1

�
lnð1� n2Þ þ n2 þ c12n

2
2

��
h
n1=32 � n2

2

i ; (3)

where n is the specific volume of the polymer [n ¼ 1/rp], V1 is the
molar volume of water [l/mol], n2 is the equilibrium polymer
volume fraction [n2¼1/Q], and c12 is a polymeresolvent interaction
parameter for poly(ethylene glycol) inwater [0.426] [31]. Mesh size
refers to the distance between two adjacent crosslinks and controls
the maximum solute size that can diffuse thorough the gel. Mesh
size (x) was estimated with

x ¼ n�1=3
2 C1=2

n ln1=2
; (4)

where Cn is the characteristic ratio of the polymer [2], l is the bond
length [1.47], and n is the number of bonds between the crosslinks
[n ¼ 3Mc=Mr, where Mr is the molecular weight of the repeating
unit]. Finally diffusivity in the hydrogel (Dg) is estimated from

Dg ¼
�
1� rs

x

�
exp

�
� n2
1� n2

�
Do; (5)

where rs is the hydrodynamic radius of the solute. (For a more
detailed discussion of Eq. (3)e(5), including their theory and the
assumptions involved, the reader is referred to [32,33] and refer-
ences therein.) The hydrodynamic radius can be estimated from the
StokeseEinstein Equation:

rs ¼ kBT
4phDo

: (6)

In this equation kB is the Boltzmann constant [1.38 � 10�23 J/K],
T is the temperature [295 K], h is the solution viscosity
[8.9 � 10�4 Pa s], and 4 replaces 6 in the denominator, as the solute
molecules are not significantly larger than the solvent [34].

3. Results and discussion

Fig. 1 shows a representative set of cyclic voltammograms
obtained far from the surface, pressed into the surface of a 60 wt%
PEG 508 hydrogel, and again far from the surface upon retraction.
Because thesematerials are highly elastic and because the insulated
microelectrode isn’t sharp, attempting to penetrate the micro-
electrode into the hydrogel was not successful. Instead, the gel
deforms under the electrode. Far from the surface, the voltammo-
gram reaches a steady-state, diffusion-limited current as expected;
pressed into the hydrogel, the limiting current is much lower. Upon
retraction, the original voltammogram is recovered. Fig. 1 shows
that the microelectrode surface is not affected by contact with the
hydrogel and can be used to sample multiple locations on
a hydrogel without renewing the surface. By use of Eq. (1), Do is
6.8� 0.1�10�6 cm2/s. Approach curves were next measured as the
microelectrode moved from the bulk electrolyte to the electrolyte/
hydrogel interface.

3.1. SECM approach curves

Fig. 2 shows approach curves to 20 wt%, 40 wt%, and 60 wt% PEG
508 hydrogel surfaces. Far from the surface, the limiting current is
stable (not shown in this figure; however currents were measured
starting roughly 350 mm above the surface). Closer to the surface,
the current decreases, but not nearly as much as predicted by
simulations of pure negative feedback or by measurements under
those conditions. At the surface, the current stabilizes again. As
mentioned previously, since the hydrogel is elastic, the microelec-
trode deforms the gel rather than penetrating it, leading to the
small current decrease seen in this figure. For these hydrogels,
FcCH2OH is a reasonable probe molecule as both Itip/Ilim during
approach and at the surface are quite distinct. The 60 wt% gel is the

Fig. 1. Cyclic voltammograms were obtained at 2 mV/s in solution (i), in contact with
the surface of a 60 wt% PEG 508 hydrogel (ii), and upon retraction (iii).
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strongest barrier (curve is closest to pure negative feedback), fol-
lowed by the 40 wt% and 20 wt% gels.

To provide an indication of heterogeneity, three separate loca-
tions spaced 1 mm apart were sampled. All approaches are shown
in Fig. 2 and there is almost no variation in the resulting curves.
Several gels from different batches were also examined; they
showed little variability and were omitted from Fig. 2 for clarity.
Altogether, these results indicate a consistent relationship between
current and distance for a given macromer weight percent, indi-
cating little heterogeneity in the crosslinked structure. If there is
within-gel spatial variation, it is on a smaller scale than that probed
by this relatively large microelectrode.

Similar to other situations where feedback measurements have
been used to image topography [35e38], the results in Fig. 2 indi-
cate that the topography of permeable hydrogel substrates can be
mapped electrochemically; however the currentedistance rela-
tionship must first be determined for each formulation. Compared
to pure negative feedback, Itip/Ilim is greater for a given electro-
deehydrogel distance. This limits the height of features that can be
imaged by an electrode in one plane (constant height mode). For
example, the distance fromwhere the normalized current (Itip/Ilim)
reads 0.95 at a location above the PEG 508 hydrogel surface to its
surface is 13.3 mm (20 wt%) to 15.9 mm (60 wt%) for an electrode of
5 mm radius, compared to 27 mm for pure negative feedback. This
limitation can be countered by following the topography dynami-
cally (constant current mode), which is necessary even in situations
of pure negative feedback if the feature height is large [23].

Fig. 3 shows approach curves to 20 wt%, 40 wt%, and 60 wt% PEG
3000 hydrogel surfaces. Again simulated and experimentally
measured currents for pure negative feedback are shown for
comparison. For these hydrogels, FcCH2OH is less useful as a probe
molecule. Although Itip/Ilim at the surface is distinct, during
approach the Itip/Ilim curves are harder to distinguish, particularly
for 20 wt% vs. 40 wt%. There is also greater variability within each
hydrogel, reflecting irregularities in the mesh which occur with
large macromers. For hydrogels with large average mesh sizes,
macromer weight percent is expected to only have a minor effect
on the diffusivity of a small species. This is reflected in the similarity

of the approach curves. However, the trends in Fig. 3 match our
expectations and there is still a fairly consistent currentedistance
relationship for mapping topography, though feature height would
be limited to 6.7 mm (20 wt%) to 12.2 mm (60 wt%) for constant
height imaging with an electrode of 5 mm radius.

3.2. FcCH2OH diffusion within hydrogel scaffolds

Table 1 shows swelling and crosslinking characteristics of the
hydrogel mesh calculated from Eq. (2)e(4) and diffusivities esti-
mated from Eq. (5). Five samples were averaged for each condition.
Largemesh sizes imply solution-like diffusivity for small molecules.
Even the smallest mesh size is nearly twice the estimated hydro-
dynamic radius of FcCH2OH, leading to high predicted diffusivities
that range from 16% to 82% of the diffusivity in aqueous solution. As
the weight percent in the hydrogel decreases, its estimated mesh
size (x) exhibits greater variability. This is particularly true of the
20 wt% gels, where x has about 10% uncertainty. However x has less
impact on Dg when the x is large compared to the hydrodynamic
radius (5.4 Å from Eq. (6)); therefore variability in the estimated
diffusivities is 5% or less for all samples. Compared to typical
hydrogels used for cell encapsulation, the gels studied here are
highly crosslinked.

Determining diffusivities via Eq. (5) is very reliable if the
hydrodynamic radius and mesh size are accurate. Despite its
simplicity, the StokeseEinstein Equation is often found to relate

Fig. 2. Approach curves to 20 wt% (i), 40 wt% (ii), and 60 wt% (iii) PEG 508 hydrogel
surfaces. For each hydrogel, three separate locations were sampled and plotted. In the
fourth curve (iv) simulated currents for approach to an impermeable insulator are
compared with experimental data for approach to a glass surface. Simulated data
(filled circles) were calculated with the analytical approximation of Amphlett and
Denault [30] for Rg¼ 5.09.

Fig. 3. Approach curves to 20 wt% (i), 40 wt% (ii), and 60 wt% (iii) PEG 3000 hydrogel
surfaces. For each hydrogel, three separate locations were sampled and plotted. In the
fourth curve (iv) simulated currents for approach to an impermeable insulator are
compared with experimental data for approach to a glass surface. Simulated data
(filled circles) were calculated with the analytical approximation of Amphlett and
Denault [30] for Rg¼ 5.09.

Table 1
Volumetric swelling ratio (Q), average molecular weight between crosslinks (Mc),
mesh size (x), and diffusivity in the hydrogel (Dg).

Hydrogel Q Mc [Da] x [Å] Dg [cm2/s]

20 wt% PEG 508 4.6 � 0.3 1300 � 200 47 � 5 4.6 � 0.2 � 10�6

40 wt% PEG 508 2.60 � 0.05 190 � 20 17.9 � 0.6 2.7 � 0.1 � 10�6

60 wt% PEG 508 1.92 � 0.02 112 � 4 10.1 � 0.2 1.08 � 0.05 � 10�6

20 wt% PEG 3000 8.0 � 0.6 4500 � 800 100 � 10 5.6 � 0.1 � 10�6

40 wt% PEG 3000 5.7 � 0.3 2400 � 300 69 � 6 5.1 � 0.1 � 10�6

60 wt% PEG 3000 4.4 � 0.1 1150 � 70 43 � 2 4.44 � 0.07 � 10�6
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solution diffusivity and hydrodynamic radius surprisingly well [34].
However the model used to estimate mesh size from equilibrium
swelling measurements was derived for hydrogels that exhibit
point crosslinks. In these systems, the mesh size is directly related
to the molecular weight between two neighboring crosslinks in the
macromolecules. In hydrogels which are fabricated from large
multifunctional macromers, the resulting network structures are
much more complicated as point crosslinks are replaced by large
poly(ethylene glycol) crosslinks. Limitations in classical theories
have been discussed [39].

The steady-state approach curves measured in Figs. 2 and 3 are
sensitive to both the concentration and diffusivity of FcCH2OH in
the hydrogel. Situations inwhich concentration and diffusivity vary
within two contacting phases have been treated theoretically [21].
In supporting experiments, chronoamperometric measurements
within hydrogels were used to separate the relative contributions
of concentration and diffusivity; Barker et al. found good corre-
spondence between experimental and simulated approach curves
generated using these values. In their experiments, the hydrogels
were permselective for cationic probe molecules but excluded the
anionic probe molecule. For a small, neutral species such as
FcCH2OH, it may be reasonable to assume that its concentration in
the hydrogel is equivalent to its concentration in the contacting
electrolyte. Then the ratio of the diffusivities (Dg/Do) is equal to the
ratio of the currents (Itip/Ilim) at the interface, neglecting diffusion
from above the plane of the microelectrode.

Fig. 4 compares diffusivities estimated in this manner with
diffusivities predicted by equilibrium swelling; the values are
strongly correlated. Fan’s evaluation of diffusion in poly(acrylate)
andpoly(acrylamide) also assumedequivalent concentrations in the
hydrogel and electrolyte [17], however, this analysis was limited to
lowwt% hydrogels (up to 20wt%). Partitioning of FcCH2OH between
the electrolyte and hydrogel phases may be affected here by the
volume occupied by polymer in the hydrogel, which varies with
macromer length and weight percent. Swelling measurements in
Table 1 indicate that the volume occupied by polymer chains within
swelled hydrogels ranges from 0.22 to 0.52 for PEG 508 hydrogels
and 0.13 to 0.23 for PEG 3000 hydrogels. If the polymer volume
fraction leads to a systematic decrease in FcCH2OH concentration

within the hydrogel, estimating Dg from Itip/Ilim should systemati-
cally under predict diffusivity. This is not seen in Fig. 4, suggesting
that the assumption of equivalent concentrations is reasonable.

3.3. Topography of porous hydrogel scaffolds

Porous PEG hydrogels are being developed as cell scaffolds
through the use of various templating strategies [40,41]. We
examined the top surface of several porous scaffolds, where the
pores represent the fused regions of the sphere template, which is
approximately 25% of the sphere diameter [42]. The large area
image in Fig. 5a was obtained by scanning an electrode of 5 mm
radius above the hydrogel surface. Above the porous surface, the
current approaches the limiting current as the microelectrode is
not sensitive to the lower boundaries of the pores, however the
image clearly shows the regularity of the individual pore openings

Fig. 4. Comparison of Dg estimated electrochemically vs. Dg predicted by equilibrium
swelling. Pearson’s linear correlation coefficient is 0.98. Dashed lines indicate the range
of predicted values. Open circles are PEG 508 gels; filled circles are PEG 3000 gels. Gray
circle is a 20 wt% PEG 3000 hydrogel from a different PEGDA synthesis.

Fig. 5. SECM image of hydrated, 40 wt% PEG 508 hydrogel photopolymerized around
a sphere template that has been dissolved (a) and SEM image of the same hydrogel
(different region) after vacuum drying (b).

K.M. Jeerage et al. / Polymer 51 (2010) 5456e54615460
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and their hexagonal spacing, indicative of a close-packed sphere
template. The upper box highlights what appears to be a region
where the bulk hydrogel formed over the pore; the lower box
highlights a partially open pore. This and similar images provide
confidence that we will be able to position microelectrodes for
imaging cells on cross-sectioned porous scaffolds, work now in
progress. Hydrogels with smaller pores (not shown) showed less
regularity in pore spacing and produced more complicated images
due to air trapped within some pore openings.

The scanning electron microscopy image in Fig. 5b was obtained
after drying the hydrogel; cracks between pores are due to the
vacuum drying process. It is possible to examine long-range order
with such images and occasionally to see the bottom of a pore and
the interconnect leading to the next pore. However the pore
openings are distorted by drying and do not appear as uniformly
round as they are when hydrated. Furthermore the uneven size and
spacing of the pore openings do not match the uniform size and
hexagonal organization seen in the hydrated image. SECM images,
therefore, can provide information about hydrated polymer scaf-
folds that is complementary to SEM images.

4. Conclusions

Scanning electrochemical microscopy (SECM) has been used to
examine the molecular transport properties of photopolymerized
poly(ethylene glycol) (PEG) hydrogels having different mesh sizes.
Both the molecular weight of the PEG diacrylate macromer and its
weight percent in solution prior to photopolymerization were
varied. Mesh size was estimated from equilibrium swelling
measurements and used to predict the diffusivity of ferroceneme-
thanol, detectable via oxidation at a platinum microelectrode.
SECM approach curves were used to identify the hydrogel surface
and the normalized current used to estimate diffusivity within the
hydrogel. These diffusivities followed the same trends as diffusiv-
ities predicted by equilibrium swelling measurements. Approach
curves showed a consistent currentedistance relationship that can
be used to follow the topography of PEG hydrogel scaffolds.
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