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Abstract: The dipeptide amphiphile Fmoc-Leu-Gly-OH has been induced to self-assemble into thin surface-
supported hydrogel gel films and gap-spanning hydrogel membranes. The thickness can be closely
controlled, giving films/membranes from tens of nanometers to millimeters thick. SEM and TEM have
confirmed that the dipeptides self-assemble to form fibers, with the membranes resembling a dense “mat”
of entangled fibers. The films and membranes were stable once formed. The films could be reversibly
dried and collapsed, then reswollen to regain the gel structure.

Introduction

Peptide-based hydrogels are being investigated for a wide
range of applications in the fields of health care and advanced
materials;1 of particular interest are a subset of peptide hydrogels
that are formed from amino acids or dipeptides.2-6 These small
amphiphilic molecules self-assemble to form supramolecular
gels, with scanning electron microscopy showing a fibrous
structure on the nanometer scale.2,7 These gels are not cross-
linked in the conventional sense; the structure appears to be
solely due to entanglement of the fibers formed by noncovalent
forces such as hydrogen bonding and π-π stacking between
peptides.8-10 A variety of dipeptides will self-assemble into
hydrogel matrices. In particular N-protected dipeptides (Fmoc,
Boc, Cbz, or naphthalene protected) and constrained dipeptides
(such as Phe-Phe dimers with unsaturation at one of the
R-carbons) have been investigated.11-18 Gelation is induced by

pH change,9,17 solvent polarity changes,12 or enzyme action.14,16

These materials are of interest as biomimetic extracellular
environments and have shown promise as 3-D scaffolds for cell
culturing.11,13,19 The materials are also being studied as agents
for tissue repair,3 as supports for enzymes and artificial enzymes
for aqueous catalysis,10,16 as scaffolds for sensing, and as tunable
materials for drug delivery.4,15

The size and shape of the dipeptide hydrogel is typically
dictated by the size and shape of the container in which it is
formed. The ability to prepare thin films of dipeptide hydrogel
would introduce a range of new applications, for example the
ability to create thin supported layers for specific cell attachment
or biomedical applications.20 Surface-initiated growth opens the
possibility of preparing multilayered structures, where gel layers
with different properties are grown sequentially.

The preparation of thin polymer hydrogel films has previously
been carried out by polymerization between two glass plates21

and by plasma polymerization.22 Polysaccharides have been
formed into films on an electrode by electrophoresis.23-26 Thin
hydrogel films of assembled peptides have been prepared by
spraying solutions onto surfaces.27 Electrochemistry has been
widely used to chemically change molecules grafted to an
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electrode surface. For example electrochemistry can be used to
direct the surface attachment of oligonuleotides,28 and hydro-
quinone oxidation has been used to carry out site-specific
deprotection of organic molecules immobilized on microarrays.29

Bohn et al. have used potential gradients to create variable
thickness polyacrylic acid layers on gold electrodes;30 they have
also used voltage changes to control the degree of swelling in
surface-grafted hydrogel films.31

In this paper, we report the electrochemically induced growth
of thin self-assembled Fmoc-Leu-Gly-OH (Schemes 1 and 2)
hydrogel films. Film growth was controlled by inducing a
localized pH drop at an electrode surface by the oxidation of
hydroquinone. Fmoc-Leu-Gly-OH has previously been shown
to be an efficient low molecular weight hydrogelator.18 It is

demonstrated that gel membranes can be grown spanning 95
and 230 µm diameter holes in a metal grid, creating areas of
thin free-standing membrane with water on both sides, which
are more biologically relevant than solid gel blocks and could
be used to study interactions with biomolecules or diffusion of
small molecules through the gel.21,32

We also report the controllable growth of films or membranes
with thicknesses from tens of nanometers to millimeters. Film
growth can be stopped and started at will, and the films are
stable once formed. Film growth is also reversible, with total
disassembly occurring when the electrochemical growth condi-
tions are reversed. The growth of films with thicknesses below
200 nm was followed in situ by surface plasmon resonance
spectroscopy (SPR).33 Gels were imaged using scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and confocal microscopy. Drying and swelling experiments were
also carried out and showed the reversible collapse and
rehydration of the films. To the best of our knowledge, this is
the first report of the growth of hydrogel films and membranes
with controllable thicknesses via peptide self-assembly.

Materials and Methods

A full explanation of the methods used in this paper are given
in the Supporting Information. Briefly, thin gel films were grown
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Scheme 1. (a, Right) Schematic of the SPR Electrochemistry Cell for Combined SPR-Film Growth Experiments; (b, Left) Schematic of the
Experimental Setup Used for Growing Gel Membranes That Spanned TEM Grids

Scheme 2. (a) Fmoc-Leu-Gly-OH; (b) Electrochemical Two-Electron Oxidation of Hydroquinonea

a When hydroquinone is oxidized to 1,4-benzoquinone, it releases two protons; the protons lower the pH close to the electrode surface and create a
localized area where the pH is below the pKa

4 of the Fmoc-Leu-Gly-OH. In the bulk Fmoc-Leu-Gly-OH gels below pH 4, at the surface this would translate
to gelation within the dark red-orange diffusion layer above the electrode surface. Calculations of the pH drop induced at the electrode surface are included
in the Supporting Information.
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directly on top of gold films. Self-supporting gel membranes were
grown directly onto gold TEM sample grids; the gels formed
continuous layers across both 95 and 230 µm diameter holes in
the grids. To grow hydrogel films, a stock solution of 0.24 mol
dm-3 (100 mg cm-3) of Fmoc-Leu-Gly-OH (synthesized as
described in ref 18) in DMSO was prepared. Then 10 µL of the
stock was added to 1 cm-3 of a solution containing 0.066 mol dm-3

hydroquinone (Sigma-Aldrich, >99%) and 0.1 mol dm-1 NaCl
(Sigma-Aldrich, g99.5%). Then 4 µL of 1 mol dm-3 NaOH
(Sigma-Aldrich, g98%) was added to fully dissolve the dipeptide,
and 8 µL of 1 mol dm-3 HCl (Sigma-Aldrich 36.5-38.0%) to bring
the pH to 7.0. The final solution was introduced to the surface of
the gold slide via an electrochemical flow cell.

The gold-coated LaSFN9 glass slide or the gold TEM grid acted
as the working electrode in a three-electrode electrochemical cell.
The cell was completed by a platinum counter electrode and an
Ag+/AgCl reference electrode (World Precision Instruments, Dri-
Ref). The electrochemical growth of the Fmoc-Leu-Gly-OH films
was induced galvanostatically (Ecochemie, Autolab PGSTAT 12)
by applying a 20 µA cm-2 oxidation current for a desired length
of time. The applied potential was in the range 0.36-0.38 V.
Experiments were carried out in 0.1 M NaCl salt solution at pH 7.
Galvanostatic control was used to ensure constant film growth. As
the film grew, it was necessary to apply slightly higher voltages to
maintain the constant electrochemical oxidation of hydroquinone.
Gels were removed from the surface by passing a current of -10
µA cm-2 for 500 s.

Results and Discussion

Fmoc-Leu-Gly-OH (Scheme 2a) has been previously shown
to form hydrogels at concentrations above 1.46 × 10-2 mol
dm-3 (5.8 mg cm-3) when the acidity is lowered below pH 4.18

Gelation is induced by the addition of acid; it has been shown
that both HCl and glucono-δ-lactone induce gelation, although
the slow hydrolysis of glucono-δ-lactone in water to yield
gluconic acid leads to the formation of more transparent and
homogeneous gels. In this study, a solution of 1 mg cm-3 of
Fmoc-Leu-Gly-OH was added to a NaCl solution containing
hydroquinone. Instead of creating a bulk pH drop by the addition
of acid to the solution, a surface-localized pH drop was induced
by the electrochemical oxidation of 1,4-hydroquinone at an
electrode. When 1,4-hydroquinone oxidizes, it forms 1,4-
benzoquinone and two protons (Scheme 2b). The oxidation
reaction therefore causes a rapid lowering of pH close to the
electrode surface and induces gelation in a very small volume
of the solution. In this way, it was possible to make thin films
of gel. Electrochemical gelation allowed the number of protons
generated to be precisely controlled. It also allowed the speed
at which the pH dropped to be controlled. When 1,4-hydroqui-
onone was oxidized at a planar electrode, a thin surface-
supported film of gel could be created. When a metal grid was
used as the electrode, the gel grew outward from the gold wires
making up the grid until it filled in the holes between the wires
and created a film with areas of gap-spanning peptide membrane.

The oxidation of 1,4-hydroquinone was done galvanostati-
cally, a method where the amount of current flowing at the
electrode is controlled with time. The properties of the gel films
appeared to be very dependent on the speed at which the
localized pH drop was created. A graph relating gel density to
growth conditions is shown as Figure 1 of the Supporting
Information. The pH drop was controlled by the magnitude of
the current that was allowed to flow at the electrode. When
currents below 12 µA cm-2 were applied, gels did not form.
The application of 20 µA cm-2 led to the formation of
transparent gels that were stable when the surface was inverted.

The application of currents above 28 µA cm-2 led to the
formation of nonhomogeneous lumpy gels that looked opaque
rather than transparent. The longer the current was applied, the
denser the gel became. These observations were supported by
surface plasmon resonance spectroscopy (SPR) measurements.
SPR is a surface-specific technique that can be used to measure
mass changes at the surface of a gold film.33 In this report
electrochemistry and SPR were combined so that the electro-
chemically induced growth of the hydrogel film could be directly
related to the change in mass at the gold surface. SPR allowed
real-time information about gel growth to be extracted and is
discussed in more detail later.

FTIR spectra of gel films grown directly onto gold electrodes
indicated the presence of both �-sheets and �-turns in the self-
assembled peptide structures (Supporting Information, Figure 2).
The hydrogel films were further characterized by confocal
microscopy and cryo-SEM. The gap-spanning membranes were
characterized by TEM.

Figure 1 shows a confocal microscope image of a gel film
grown on a fluorine-doped tin oxide coated microscope slide.
In the first instance thick layers (∼1 mm) were grown to show
proof of principle. The gel films were transparent and sufficiently
robust to retain their shape after inversion, as with hydrogels
prepared by conventional pH adjustment.10,18 SEM, TEM, and
confocal microscopy confirmed the presence of peptide fibrils
in the gel. A cryo-SEM image of the top surface of a gel is
shown in Figure 2. It is extremely difficult to obtain images of
aqueous gels, as the (freeze) drying process often introduces
artifacts. Freezing induces crystallization of water in the gel
and the alignment of gel fibers between the crystals. Drying
can also introduce artifacts as the gel agglomerates to reduce
surface tension. In this paper SEM, TEM, and confocal
microscopy of wet gels are all shown to build up a picture of
the self-assembled films in a variety of environments. It is
encouraging that all three techniques show the presence of fibers
in the gel. Further structure in the images is not discussed to
avoid drawing conclusions based on artifacts.

Figure 1. Confocal microscope image of a wet gel layer stained with nile
red. The presence of fibers, as well as some spherical aggregates, can be
seen.
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In the case of the gap-spanning membranes, thin gap-spanning
films were grown directly onto gold sample grids, dried in air,

and then imaged by TEM. The membranes spanned 95 and 230
µm diameter holes (200 mesh and 50 mesh) in the gold grids.
By growing the films on grids it was possible to study both the
top and bottom surface of the gap-spanning membranes, which
were indistinguishable from each other by TEM. A systematic
study was undertaken to relate the length of time the current
was allowed to flow to the resulting gel structure. TEM images
of gels grown by the application of 11.5 µA cm-2 for 200, 400,
and 1000 s are shown in Figure 3.

In the case of nanometer-thick films grown on planar gold
electrodes, growth was monitored in situ by SPR. SPR is a
technique where laser light is used to excite surface plasmon
resonances in a thin gold film. The exponentially decaying tail
of the surface plasmon extends several hundred nanometers
beyond the gold film into the dielectric medium and is very
sensitive to small changes in refractive index within ∼200 nm
of the gold surface.33,34 Changes in dielectric constant can be
directly related to changes in mass at the gold surface. As a
result, it is possible to monitor the growth of very thin films
(<200 nm thick) using SPR. It is important to point out that

(34) Knoll, W. Annu. ReV. Phys. Chem. 1998, 49, 569–638.

Figure 2. Cryo-SEM image of the top surface of an electrochemically
grown gel film. The scale bar is 1 µm.

Figure 3. (a) TEM image of a gel grown by the application of 11.5 µA cm-2 for
200 s.The image shows the start of fiber formation, as well as some small aggregates
in the film. The film is continuous, so the fibers are suspended in nanostructure
below the resolution of the TEM. The scale bar is 0.5 µm. (b) TEM image of a
film grown by the application of 11.5 µA cm-2 for 400 s. Fiber development can
be seen. The scale bar is 0.5 µm. (c) TEM image of a film grown by the application
of 11.5 µA cm-2 for 1000 s. The film now appears to be entirely composed of
intertwining fibers. The scale bar is 0.5 µm. (d) Zoomed out TEM image of a film
grown by the application of 11.5 µA cm-2 for 1000 s. The white area in the top
left-hand corner of the image is free space, created when the membrane was torn.
A picture of a torn membrane was chosen, as it clearly shows the thin gel layer,
which has folded back upon itself along the line of the break. The scale bar is 2
µm.

Figure 4. SPR scans showing the intensity of reflected light as a function
of incident angle. The experimental data are given by the open symbols;
the fit to a three-layer Fresnel model (Table 1) is given by the solid lines.
The black squares show the SPR curve for a gold film precursor solution
(before gelling). The open circles show the SPR curve for a gold film with
a thick (∼1 mm) gel layer on the gold surface. The critical angle, ΘC, shifts
from 47.4° to 47.8°. The gel layer extends well beyond the 200 nm sensing
range of the evanescent surface plasmon wave. The surface plasmon wave
therefore sees the gel as an infinite layer with a dielectric constant of 1.789.
The parameters used for fitting are outlined in Table 1.

Table 1. Parameters and Values Used to Fit the SPR Scans
Shown in Figure 4

layer thickness/nm ε(real) ε(imaginary)

prism ∞a 3.39 0
gold 51.15 -11.99 1.5016
air ∞ 1.0016 0
precursor solution ∞ 1.77 0
gel ∞b 1.789 0.002

a Infinite thickness implies a layer that is much thicker than the
evanescent tail of the surface plasmon wave. b Thickness was considered
infinite for layers > 500 nm.
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SPR will measure only changes in thickness of films that are
within the evanescent tail of the surface plasmon. Once the film
extends beyond the evanescent tail, SPR can be used to measure
only the bulk refractive index of the hydrogel layer. Figure 4
shows surface plasmon resonance spectra for a gold film in
aqueous solution (containing 2.44 × 10-3 mol dm-3 Fmoc-Leu-
Gly-OH and 0.066 mol dm-3 hydroquinone in a 0.1 M solution
of NaCl) and the same gold film after a ∼1 mm thick hydrogel
film had been grown on the surface. When a surface plasmon
is excited in a gold film, a sharp dip in the reflectivity is seen.
The position of both the reflectivity minimum and the critical
angle is indicative of the dielectric properties of any layers above
the gold surface (see Figure 4).34 In the precursor solution, the
critical angle occurred at 47.4° and the minimum at 57.2°. When
a 1 mm gel layer was grown on the surface, the critical angle
was 47.8° and the minimum was 58.1°. The dielectric constants
of the films were obtained by carrying out Fresnel fitting of the
SPR curves using commercially available software.35 The
Fresnel model is used in ref 31 to describe nanometer dimension
poly(hydroxyethyl methacrylate) hydrogels and is a good
approximation for isotropically nanostructured thin films. A four-
layer model of glass|gold|hydrogel|water (or air) was used.
Fresnel modeling of the thin hydrogel layers was used to extract
layer thickness. This model can be used to calculate layer
thickness only when the hydrogel film is <200 nm thick (i.e., it
is thinner than the evanescently decaying surface plasmon tail).
In the case of hydrogel layers thicker than 200 nm, they were

modeled as infinite superstrate layers. This means that they are
modeled in exactly the same way as air or solvent above a gold
film, and it is assumed that the decaying surface plasmon wave
experiences a single dielectric environment. In the case of the
thicker films the fit was used qualitatively to obtain the refractive
index of the gel (from this value the water content of the gel
could be estimated under different growth conditions; see
Figure 1 in the Supporting Information). The fitting parameters
are outlined in Table 1. The fits are given by the solid lines in
Figure 4.

The dielectric constant of the 1 mm hydrogel film was found
to be just slightly higher than that of water. The dielectric
constant for the precursor solution was taken as ε(real) ) 1.77
and ε(imaginary) ) 0 (λ ) 632.8 nm).36 The fully formed (1
mm thick) hydrogel was found to have a dielectric constant of
ε(real) ) 1.789 and ε(imaginary) ) 0.002. The calculated value
of the film dielectric constant confirmed the formation of an
open aqueous gel network with a dielectric constant close to
that of water; for comparison, a dense layer of polypeptide on
a surface typically has a much higher dielectric constant of
ε(real) between 2.0 and 2.25.37,38 The small imaginary com-
ponent of the dielectric constant can be caused by either
scattering or absorption.39-41 As the peptide gel does not absorb
at 632.8 nm, it is likely that the curve broadened due to

(35) Winspall fitting software; Res-Tec, Resonant Technologies GmbH:
Framersheim, Germany.

(36) Cameron, P. J.; Jenkins, A. T. A.; Knoll, W.; Marken, F.; Milsom,
E. V.; Williams, T. L. J. Mater. Chem. 2008, 18, 4304–4310.

(37) Lau, K. H. A.; Duran, H.; Knoll, W. J. Phys. Chem. B 2009, 113,
3179–3189.

(38) Savchenko, A.; Kashuba, E.; Kashuba, V.; Snopok, B. Anal. Chem.
2007, 79, 1349–1355.

Figure 5. SPR experiment showing the stepwise growth in dipeptide film with each 60 s current pulse. A 200 s rest period was allowed between pulses. The total time
the current was applied was 300 s. The inset shows the calculated growth in film thickness at the end of each 200 s rest period. The film thickness is approximate, as it was
extremely hard to measure an accurate refractive index for the gel (depended on time of deposition and speed of deposition). The real values could vary by 10-20 nm from
those given here.
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scattering when structures/roughness on the length scale of the
light were formed during the self-assembly process. In the case
where the growth of films thinner than 200 nm was followed,
no imaginary component of the spectrum was seen, suggesting
that at this short time the film structure is too small to scatter
the light. This observation is supported by the TEM images
shown in Figure 3.

SPR allowed the fine control that electrochemical growth gave
over the film thickness to be demonstrated. Figure 5 shows a
kinetic scan where film growth was monitored in real time by
following the change in the reflectivity minimum as the gel was
formed. The change in reflectivity minimum gives real-time
information on the dielectric constant and the thickness of the
growing film. As long as the film thickness is less than 200
nm, it is a good measure of film growth. To show the control
over film thickness provided by electrochemical film generation,
20 µA cm-2 was applied for 60 s and the film stability monitored
over a 200 s rest period. Figure 5 shows the increase in
reflectivity, and hence film thickness, as 60 s current pulses were
applied. The inset shows the change in film thickness calculated
by measuring how much the dielectric properties of the film
changed at the end of each 200 s rest period. A ∼20 nm increase
for every 60 s application of 20 µA cm-2 was observed. The
film thickness was calculated by the fitting software using a
dielectric constant of 1.776 for the film. The dielectric constant/
refractive index of all gel films reported in this paper were

obtained by fitting angular SPR scans taken before and after
gel deposition. As a result, they are specific to each film. The
film grown in Figure 5 had a lower dielectric constant than the
thicker film measured by SPR in Figure 4 (1.776 compared to
1.789). This is believed to be due to the fact that the film was
grown for a short time and a complex/dense fibrous structure
had not yet developed. Figures 1 and 3 in the Supporting
Information show that changes in the length of time the current
is applied and in the total current passed lead to systematic
changes in the dielectric constant (and therefore density/
composition) of the film. A single value of the dielectric constant
for all gel films is not quoted, as the structure and density of
the films are very dependent on the growth conditions.

At short times some material was lost from the surface after
the current was switched off. This is likely to be due to the fact
that only a small pH change was generated after 60 s and the
protons rapidly diffused away from the electrode. As the
experiments are in pH 7 solution, the pH will therefore start to
increase once the current is switched off and some of the gel
will dissolve from the surface. As the current is applied and
the pH lowered for longer times, a more stable and “intertwined”
gel is formed (see TEM images in Figure 3) and the films
became much more stable on the surface. Stopping the experi-
ment and removing the gold slide from the flow cell after the
60 s current steps resulted in a stable surface-supported layer.
When the layer was left in the electrochemical flow cell and a
current of -10 µA cm-2 was applied for 500 s (protons were
consumed), the film dissolved completely from the gold surface
and the minimum angle in the SPR curve returned to the position
for the precursor solution.

After formation, several films were dried under vacuum in
the SPR cell. During drying, the films collapsed on the surface
of the gold substrate and appeared translucent. SPR of dry films
showed a large increase in dielectric constant, consistent with
the film collapsing into a dense layer on the gold surface. Once
the films were dry, the SPR cell was refilled with 0.1 mol dm-3

NaCl solution at pH 7, and the reswelling of the gel film was
monitored in situ. Reswelling for a thick (∼0.5 mm when
collapsed) film is shown in Figure 6. Over six hours, the SPR
curves moved back to lower angles and approached the curve
of the “as-formed” gel. The reswelling did not result in an
identical curve to the “as-formed” gel, but a transparent layer
of hydrogel was visually observed on the surface after the
measurement was complete. In the case of thinner (∼100 nm)
films, reswelling occurred over ∼160 min and resulted in a SPR
curve almost identical to the “as-formed” curve.

Several other interesting observations of electrochemically
generated Fmoc-Leu-Gly-OH films should be noted. In the
presence of hydroquinone, gels formed at applied voltages of
between 0.34 and 0.36 V. In the absence of hydroquinone and
in acidic solution at pH 5.5, gel layers formed at potentials
positive of 1.3 V due to the formation of oxides on the gold
surface and the release of protons. Hydroquinone was used in
these studies, as it lowered the required voltage considerably
and did not damage the gold surface. It was also more
reproducible, as the concentration of hydroquinone and H+ could
be closely controlled. A second interesting observation was that
if a thin hydrogel layer was formed by applying 20 µA cm-2

for 100 s, and the thin film was then left in the precursor-
containing solution, a thicker hydrogel layer would grow
spontaneously out from the surface over several hours. The
process was followed by SPR. In the absence of the initial 100 s
application of current, no film grew on the surface. A 100 s

(39) Yu, F.; Ahl, S.; Caminade, A.; Majoral, J.; Knoll, W.; Erlebacher, J.
Anal. Chem. 2006, 78, 7346–7350.

(40) Ekgasita, S.; Tangcharoenbumrungsuka, A.; Yu, F.; Baba, A.; Knoll,
W. Sens. Actuators, B 2005, 105, 532–541.

(41) Cameron, P. J.; Zhong, X.; Knoll, W. J. Phys. Chem. C 2007, 111,
10313–10319.

Figure 6. The pink curve shows the SPR scan of a freshly formed gel layer. The
film in the SPR cell was dried under vacuum overnight. After drying, the minimum
of the SPR curve shifted to an angle. 70° (black curve). The curve also broadened,
and an increase of the reflectivity at the minimum was seen. The shift to higher
angles is caused by the collapse of the gel on the surface, leading to a more compact
film with a higher refractive index (the collapsed film was several hundred
micrometers thick). The broadening and the increase in the reflectivity minimum
were due to the collapsed gel scattering the light to a much greater degree due to
the presence of structure on the length scale of the wavelength of the light. Indeed
when compared to the swollen gel, the collapsed film appeared to be translucent
rather than transparent. On addition of 0.1 mol dm-3 of NaCl solution at pH 7, the
film was observed to swell and to become more transparent, as evidenced by the
shift to the right of the minimum angle and the narrowing of the peaks. After 6 h
the blue curve was measured for the reswollen gel, just to the right of the “as-
formed” gel.
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application of 20 µA cm-2 (corrected for background non-
Faradaic current) will generate a surface-localized pH of
approximately 3.5 (see calculations in the Supporting Informa-
tion). It may be that once the first layer of film is initiated there
are sufficient protons present to slowly diffuse out of the film
and initiate further film growth.

The pH drop at the electrode surface was calculated on the
basis of the diffusion coefficient of H+ 42 and the geometry of
the electrode surface. The calculation showed that the pH drop
required to initiate gelation at the surface is in line with the
bulk pH drop required to form bulk gels by the addition of
acid.18

Conclusions

The ability to grow films and membranes of gel in a
controllable manner opens a range of new applications for
dipeptide hydrogels. At present we are attempting to grow
multilayer structures by the sequential deposition of different
dipeptide moieties that gel under slightly different pH conditions,
creating a 3-D structure with a range of different functionalities
for immobilization of proteins or small molecules. The bio-
mimicry of the gels could be investigated using free space
spanning gel membranes, grown by initiating gelation on a metal
grid.

The technique outlined here allows the rapid lowering of the
pH in a known volume close to an electrode surface. By
controlling the current and voltage applied, it is possible to
change both the final pH and the speed at which the pH falls.
The pH drop can also be reversed and the gel dissolved from
the surface or simply halted to allow slow diffusion of protons
into the solution and the growth of thicker hydrogel layers over
several hours. The deposition conditions can be used to control
the structure of the gel formed.

SPR has also been shown to be a useful method for studying
the real-time growth of dipeptide films. Information can be
obtained about the thickness and dielectric properties of the gels,
with the future possibility of relating the dielectric constant to
the density of gels formed from different dipeptides. SPR also
allows changes in dielectric properties of the formed film to be
monitored in situ over several hours and may contribute to the
understanding of the evolution of peptide structures in the gel.

Acknowledgment. The authors thank Ursula Potter for help with
SEM and TEM imaging.

Supporting Information Available: SPR studies relating
preparation conditions to gel composition, FTIR of gel films,
and the experimental conditions. This information is available
free of charge via the Internet at http://pubs.acs.org.

JA909579P(42) CRC Handbook of Chemistry and Physics, 77th ed.

5136 J. AM. CHEM. SOC. 9 VOL. 132, NO. 14, 2010

A R T I C L E S Johnson et al.


